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PREFACE

,;ﬁn It is reported that by using the Nd glass laser, experiments of
beam-target interaction are carried out and neutrons are observed,
released from targets. The maximum number of observed neutrons, however,
is of the order of 1013, which is much less than that for the real goal,

1021. The physics nowadays occuring in a tiny test-target will

i.e.,
differ from that in a practical target in a reactor. It is very
important at present to reveal the phenomena occuring in a practical
target and to make clear the phy:t.cs of target implosion. At the end of
1985, construction of PBFA-II in Sandia National Laboratories was
finished. PBFA-II can extract the lithium beams of 2MJ. By this value,
are expected achievement of breakeven and release of nearly practical
amount of fusion energy from a target. Unfortunately, experiments
regarding beam-target interaction are not realized yet. Thus the
theoretical and numerical approaches wilil play an important role in ICF
research at present. And developement of pulsed power techniques in
Japan seems urgent for fusion research.

On September 30 and October 1, symposium on "Physics of Target
Implosion and Pulsed Power Techniques" was held in Yockohama, being
participated by three professors from Spain, where the theoretical and
numerical studies are being rerformed most earnestly for the ICF
research. Prof. L. Drska, one of the organizer of the 18th ECLIM, of
Tech. Univ. of Prague, could not attend the symposium due to delay of the
arrival at Japan, but kindly has submitted the manuscript for the
proceedings. The proceedings will be useful for ICF researchers, 1
believe, and many requests from abroad to receive them have been
accepted.

In summary, describing the program of symposium here, I would like to
express my cordial thanks to the Institute of Plasma Physics, Nagoya
University, for the fact that almost all works by Japanese reported here,
have been carried out by using the facilities in IPP Nagoya, according to

the cooperative program of the Institute.

Keishiro Niu

Tokyo Inst, of Tech.
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ANALYSIS FOR FUEL INPLOSION IN ICF TARGET AND PELLET GAIN

Keishiro Niu, Takayuki Aoki and Hiroshi Takeda
Department of Energy Sciences, The Graduate School at Nagatsuta
Tokyo Institute of Technology
Nagatsuta, Midori-ku, Yokohama 227, Japan

A power plant to extract 1GW electric output power is proposed.
After the properties of the DT fuel is examined, the compression and the
heating of the fuel in the target due to the implosion motion is
analyzed. The optimized parameters of the target is investigated for

extracting the maximum fusion energy.

§1. Introduction
Pulsed power of 36MW by using proton beams for inertial confinement

is proposed here to obtain 1GW electric output power from a fusion power

= Tyre 1 and 2 power supply sysiems plant. One shell ' three layers '

? = Type J puwer supply system lor biasing target cryogenic target with the optimized

3 = Iteactor ¢, vity

4 = Motor 1o rotate the reactor vessel parameters is shown for proton beams

5 = Dewterium separator liom the argon gas 5

6 = fritium separator lrom the a:gonggasgand the as the energy driver, and the deute-
flibe rium-tritium (DT) fuel in the target

7 = Heat exchanger from the Flibe to NaF-OF ,

B = Heat exchanger from NaF-BF, 1o the water is analyzed related with its implosion

9 = Steam tunhine motion.

10 = Electric power gencrator

§2. Pulsed Power

A typical inertial confinement
fusion (ICF) power plant is schema-
tically illustrated in Fig.l. In the
rotating reactor vessel made of a
nickel compound, the molten salt flibe
flows as the coolant and the T
breeder. Six proton beams are irr-
adiated in a spherically symmetric way
on the target at the reactor centre

through the beam port on the vessel

AN - wall. Figure 2 gives an idea of

N rotating reactor vessel. The power

Fig 1. Fower pham
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Fig. 2. Fusion reactor.

GS = Gap switch MGS = Magnetic gap switch
ICL = Impedance conversion line MITL = Magnetically insulated ission line
ISC =1 i g i PEOS = Plasma erosion opening switch
Marx = Marx generstor PFL = Pulse forming line
N 28 m

6.7m 06Im 23m
L

Diode «—— ICL

MGS

Fig. 3. Type | power supply system.
supply system shown in Fig.3 consists of the Marx generator, the inter-

mediate strage capacitor, pulse forming line, the impedance changing line
and the magnetically insulated transmition line. To extract proton
beams, the plasma erosion opening switch can be skipped because of its
instability of the operation. The optimum particle energy of proton
beams for ICF is 4MeV, which will be shown later, 10MV output voltage
from the power supply system is desirable, because the rotating bheams is
used for propagation in the reactor vessel. The beam protons have the
energy of 4MeV for propagation, 3MeV for rotation and 1MeV for thermal
motion in the radial direction. Thus one examplie of the power supply
system is as follows;
1. Marx generator
capacitance of a condenser C=52F, charging voltage VC=200kV, number
of stage Nc=32, output voltage Vm=6.4MV, total storage energy Em
=2.7MJ.
2. Pulse forming line
pulse width tp=30ns, output voltage Vp=3.2MV.
3. Impedance conversion line
entrance impedance Zen=0.3ﬂ, exit impedance Zex=2.7ﬁ, output voltage
Vi=9.6MV.
Twelve modules of this power supnlv system, two of which is ._.bined to

extract one proton beam, can supply us the beam energy of 10MJ, the

__2_.

12N



particle energy of 10MeV, with the pulse width of 30ns.

§3. Extraction and Propagation of Hotating Beam

A = Anode
B = Magnetic field
K = Cathode

Fig. 4. Combination of two diodes

The magnetically insulated diode, schematicalily iiastrared  1r
Fig.4, extracts a rotaing proton beam with the beam current of 10MA.
*he argon gas with a low pressure of C.1 torr in the reactor vessol Che
rotation of the proton beam induce a magnetic fi=ld In “*he axial

direction, which stabilizes the propagation of the beam in the reactor.”

§4. Fuel in Target

If we want to have a fusion power plant, from which the net «lectric
power of 1GW is delivered, then the thermal fusion output energy ~f 370
must be derived from a target, provided that the repetition rate is
f=1Hz. The number N of DT reactions in a target is given by

N=3GJ/17.6MeV:l.06xlOdl, (10

where Ef:l7.6MeV is the released fusion energy per DT reaction. The
fusion reaction rate is expressed by

dn/dt=-1/2. <ov >, (2)
where n is the number density of the DT fuel, 0 is the fusion cross-
sectional area and <v> is the average reaction frequency. The burning

fraction F of the fuel is related by the number density n and expressed

as
F=(n,=n)/n =<eR>/(8nC/<ov>+<PR>), (3)

where p is the fuel density, R is the fuel radius and m is the mean DT

. =27
ion mass (m=4,i9xi0 kg). The suffix O refers to the initial value and




Fig
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Fig.

<> refers to the average value. If the initial fuel temperature 1is
assumed to be T0=4keV, th.en the self-heating of the fuel by a-particles
as a fusion product increases the fuel temperature to 80keV at the final
stage of burn:ng. Thus it is expected that the average fuel temperature
is T=20keV. Thus we have 8mC/<0v>=63kg/m2. In order to achieve F=35%,

eq.(3) leads the fusion parameter <pR to
<pR>=35kg/m2. (a)

The fuel mass MDT in a target is given by
M_p=nN/=2.0x10kg=4 R3/3. (5)

In summary, the fuel in the target must satisfy

2
T>dkeV, <pR>>40kg/m", (6)
(‘) in order to extract the practical
amount of fusion energy from the
wt b o
® target. From egs.{(4) and (5]},
W b the relations
4 3
=4.16x10 kg/m",
-4
wt R =8.42x10 'm, (7)
are derived. Equation (7) shows
]
10
that the DT fuel must be com-
pressed on the average to 220
]
0 . . )
01t o w? times tge solid density of nS
-3 .
¢ ?) =190kg/m~ (more than 2000 times
. The phase diagram of the DT fusl. 1 Gas. 2 Loyiid, at the central part and about 20
1 Hydrogen crystal (Solid). 4 Superconductor (Selid).
< Motal hydrogen (Seiidd. A Plasma, P Before the : .. N
RSNy times at the circumference).
The phase diagram of the
fuel is drawn in Fig.53). The Dt
-
er
(x) forat ama
a //w//QfQ
oot "
— T
/%Al _,/‘//
wf b 05
/i;///
-
10 2.0 1.0 v.5 wn )
s rrata'” ereprner el
[ FUTE P "_') —_———— N S T
1’ ITs 1" w' ’0 W 7
¥ 1n in 0 Iﬂ" n
(= (mr‘)
& The pressure fowercug the temperature T af the FIn.7 Cunamh crun)ing contfficyent of the fuel plasmas ar
DT funl for n-a.5x10" /mo, tunctinne of noand T,
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28m"3, T=8K) in a spherical target

fuel makes one solid layer (ns=4.5x10
around the void which is filled with the gas of the saturation presuure
of 7x107Pa. After Implosion and before burning, the fuel is in the
plasma state (n=1032m-3, T=5x107K). 1t is not clear that the path of the
fuel which connects the initial state with the final state of the
implosion in the phase diagram. The equation of the state for the plasma
with a high temperature and a low density is, of course, that of the
ideal gas. When the density of the plasma is high and its temperature is
low, the electron in the plasma is weakly degenerated. If the density
becomes higher and the temperature becomes lower, the electron degene-
rates strongly and at last reaches the perfectly degenerate state.
Figure 6 shows the pressure p of the plasma versus the temperature T for
the solid number density nS:d.leozam_3 of the DT fuel. Under the
temperature of T=104K, the electron is perfectly degenerated and the
pressure is constant of p=2.66x1010Pa regardless of the temperature. The
Coulomb coupling coefficient n of the plasma is defined by

n=(Coulomb potential energy)/(particle kinetic energy)

-6 1/3
n

~(e2/4nca)/[1/2.mv°]=7.2x10 /T, (8)

where € is the dielectric constant in the vacuum and a is the mean
distance between ions. In Fig.7, the Coulomb coupling constant of the

plasma is shown as functions of n and T. If n=1032m_3 and T=108K are
substituted into eq.(7), n becomes 0.03. Thus the ICF plasma is weekly

coupled. The Debye radius ry is given by

rD=(2kTe/ne2)1/2:6.90x103(Te/n)l/2=6.9x10_9m,
32 -3 8 . . . .
for n=10""m and T=10"K, while the mean distance a between ions is
a=(3/4.n) 20 62x(1/n) /321 .3x107 i,
32 -3 . .
for n=10""m ", when rd>a, <gv> increases from the classical value by

decresing the screening potential around the ion. But for ICF plasma,
<ov> will increase from the classical value by the order of 10%. After
the ¢ mpression to p=20000s and the heating to T=4keV of the fuel by the
implosion, the <central fuel will have a very high pressure of
pkr-s.72x10'%pa.

The work done on the fuel to compress the density to 220 times the
solid density is minimum when the plasma is initially perfectly

degenerated, and is given by

A A\ ~
W':deV:J]/2O.(3/n)Z/thnps/s/(Smp).dV:4.18x103J, (9)
v, v - 7




e

where V 1is the volume of the fuel. The suffix 1 refers to the value
before the compression and 2 refers to those after the compression.
Figure 6 indicates that the fuel becomes plasma at T1=105K. If we take
T1=105K,the initial pressure becomes higher about % times and the work W'
is changed to W’:leodJ. This value gives the minimum work (without
shock waves in the fuel) to compress the fuel to 220 times the solid
density.

As the fuel temperature does not reach T2'=3.6x106K due to the
adiabatic compression only, the energy

6
"_ - 1)
w _Nk(T2 T2 )=3.55x10"J (10)

must be added to the fuel to increase the temperature by one order of
magnitude more. Jhis value W" is too large, because it is the amount of
energy to heat the whole fuel to 4kev. The stopping range of a-particles
in the DT fuel with T=4keV is X=31kg/m2. The range of a-particles in
the compressed fuel, whose density is =4.16x104kg/m3, is X=7.21x10_6m.
The number N" of the fuel particles in the radius of X is N"=N(X/R)=3.80
xlOlS. If the fuel of N" particles at the central part of the fuel is
heated to 4keV, the whole part of the fuel will be burnt by the
self-heating of a-particles. The energy W'" to heat N" particles to 4dkeV
is W":2.23x103J. Thus the minimum energy which must be given to the fuel

to compress and heat the fuel is
W’+W”:2.22x104J. (11)

It is iipossible to heit the smalli amount of the fuel near the centre
only, in reality. As W", an intermediate value between 3.35x106J and

2.23x103J is necessary for realizing the particle fusion reactions.

§5. Spherically symmetric Implosion of Fluid

To extract the practical amount of nuclear fusion energy from the
deuterium-tritium (DT) fuel by the method of inertial confinement fusion
(ICF), the DT fuel is required to be compressed to more than 1000 times

the solid density (os=4.5x1028/m3) and to be heated to higher than

AkeV.l) The pressurc Pe of the fuel then reaches an extremely high value
of pf=25;f=2£72x1016pa, even if in the state of the number density of
n=4.5x10""/m and of the temperature of T=4keV. When a cryogenic
one-shell holiow target, which consists of three layers of lead,
aluminium and solid DT fuel, is irradiated by the proton beams of 200TWw,

the pressure pp of the aluminium pusher laver increases with time and




arrives at the order of pp=1012Pa after the several nano second from the
start of beam irradiation, and the value of pressure remains constant
since then because the beam energy deposition in the pusher laycr
balances with the work done on the fuel layer.l) It seems impossible that
the pressure p of the pusher layer approaches or exceeds the required
fuel pressure pf=1017Pa even with the highest intensity of the driver
beam under the present technological stage. The aim of this article is
to reveal the fact in a hydrodynamical way that the momentum of the fuel
implosion can be changed to the fuel pressure beyond the required value.

5 6) and the similar solusion'n have been

The adiabati~ compression
proposed to analyze the fuel implosion. According to their methods,
however, the required fuel compression can be achieved only on the
condition that the final pusher pressure pp exceeds the required fuel
pressure pf. This condition cannot be satisfied in the real situations
as it is described above. Another beautiful similar solution for the

implosiona)

does not lead tc a high compression of the fuel.

It will become clear in this article that the fuel near the inner
boundary is accelerated strongly because the cross-sectional area of the
fuel path in the spherical target becomes smaller when the inner boundary
of the fuel approaches the target centre. The :icceleration of the fuel
near the inner boundary is fed by the deceleration of the implosion
velocity of the main part of the fuel in the final stage of the
implosion. In other words, the high compression of the fuel during the
implosion is performed by the high pressure which is carried by the
impulse during the short period as a result of decreasing cross-sectional
area of the fuel path. It is reasonably understood that spherical
geometry of the implosion motion substantially causes the high adiabatic

compression of the fuel.

§6. Governing Equation for Implosion
One of the govering equations for the fuel implosion in the spheical

target is the equation of continuity,
2 2
aw/at+l/r .3 /ar(ru)=0, (12)

where t is time, r is the radial coordinate, p is the denisty of the fuel

and u is its radial velocity. Another one is the equation of motion,
au/3touauh r=—3ph r, (13)

where p is pressure, which is related with the density p through the




adiabatic relation,
p:]‘pY. (14)

In the above equation, the adiabatic exponent y is y=5/3 for the fully
ionized fuel (in the case of the ideal gas or of the completely
degenerated electrons) and T is constant provided that the fuel is
isentropic throughout the process of implosion. In this article, the
analysis is limited to the fuel implosion only. The energy dissipations
due to the viscosity, thermal conductivity and the radiative energy
transfer are completely neglected to simplify the analysis and to find

the substantial mechanism of the fuel compression.

§7. Acceleration of Fuel
Under the temperature of 10K, the DT fuel is in the solid state, and
coexists with the saturated vapour pressure ps=7x107pa for the tempe-

rature of T:BK.Q)

Although the saturated vapour pressure is of course of
the function of the fuel temperature, the vapour pressure Ps in the
central hole surrounded by the solid fuel may be approximated by a
constant value, since the implosion v~locity U (of the order of lOSm/s)
of the fuel is high enough in comparsion with the thermal velocity of the
vapour and the surface of the solid fuel absorbs the hitting vapour
partices, The short time interval 1 (of the order of 10 ns) of the
implosion is also one of the cause to discard the change in the vapour
pressure in the hole. At any rate, the vapour pressure does not affect
much the implosion velocity, being neglected compared with the pusher
pressure. The fact that the vapour pressure seems to be constant during
the implosion means the constant pressure (pi=ps=7xlO7Pa) on the inner
surface of the fuel layer.

The pusher pressure Pp increases rapidly with time after the
beam-energy deposition in the layer. If the proton beam intensity of
200TW impinges in the spherically symmetric way onto the target and
deposits its energy in the aluminium pusher layer of the mass of 120mg,
Pp rearches the value of 7x1012Pa at several nano seconds after the start
of energy deposition. In the case in which the increase in the pusher
pressure is too steep, shock waves propagate in the solid fuel layer,
heating the fuel and supressing the fuel from the further compression.
With the controlled temporal shapes of the bea& power, hcwever, the fuel
can be accelerated in the adiabatic way.7) On the conditions that the

fuel mass is MDT=20mg and the pusher pressure Pp:lolgPa. the accelaretion




12m/s2 and the implosion velocity U

a of the fuel arrives at a=7.2x10
becomes U=3x105m/s after 40ns.

The most important parameter for compressing the fuel is the momentum
of the fuel implosion. In the real target, the inner part of the pusher
implodes accompanied with the fuel. Effectively one thirds of the pusher
mass can be regarded as the mass to contribute to increasing the fuel
momentum which implodes with the velocity U. Thus the fuel mass here is

over-weighted to be MD =100mg in this article, the pusher motion being

T
discarded. The analysis will be given for the final implosion motion
after the fuel of M__=100mg obtains the average implosion velocity of

5 DT
U=3x10"m/s.

§8. Implosion of Fuel near Inner Boundary

As the description was given in the preceeding section, the pressure
Py of the inner boundary of the fuel layer is assumed to be constant. In
this section, the inner boundary is shown to be accelerated toward the
target centre inversely proportional to the fifth power of the radius
£ of the inner boundary, when the fuel layer approaches the centre. To
support this large acceleration, a steep pressure gradient appears in the
thin layer connecting the inner boundary like a longitudinal boundary
layer. The pressure and hence the density of the fuel increase sharply
across this thin layer.

At the inner boundary r=f£(t), the boundary conditions are given by
7

p=pi=7x10 Pa, (15)

o=pi=1.9x102kg/m3. (16)

The variables in this boundary layer are transformed to

r=E+x', (17)
u=u, +u', (18)
o=p_+0", (19)
P=p,+p', (20)

where the variables with prime are assumed to be small of the order of ¢.
The operator 3/3x' increases the order of operand by 1/e. Equations
(17)-(20) are substituted into eqgs.(12)-(14). Then term of 0(1,5) in
eq.(12) leads to

a/ax' . (6% u,)-=0,
1 1




the flow is related with the radius r through

]—(Y+l)/4(Y-l) (26)

-3
where the suffix s is attached to the sonic state. At ro=3x10 m, u

rs/r=M1/2[2/(Y+1).{1+(y-l)M2/2}

[o]
=3x105m/s, p°=1,9x102kg/m3 and po=7x107Pa are assumed to be held. The
sound velocity c¢ is given by c=(Yoo/po)l/2=7.8x102m/s and hence the Mach
nunber is M°=3.85x102. The real high dense fuel is not an ideal gas and

the Mach number is roughly estimated as Mo=10. Then eq.(26) derives
rs=1.17x10'3m.

For the adiabatic flow, the density p and the velocity u are given by

1/ (v-1)

ps/po=[2/(y+1).{1¢(y-1)M02/2}] (27)

1/2

u/u =1/M L [2/(y+1). @e(v-1)M %/2}) (28)

With M°=10, we have ps=131oo=2.49x104kg/m3, us=0.507uo=1,52x105m/s.

At the sonic surface rs=1.17x103m, the density os is cpmpressed to
more than one hundred times the solid density.

After the fuel arrives at the sonic surface, the flow of the fuel is
in the subsonic state and is chocked by the decreasing cross-section.

Thus the fuel flux is assumed to be a function of time, that is
2
rpu=c(1-t/¢ ') (29)

where a constant c=5.18x103kg/s is chosen for the values at the sonic
surface. The nonation 1' is the time interval in which the fuel is
chocked to zero velocity. Of course, eq.(29) is a rough approximation

and not the strict solution. With the assumption (29), eq.(12) gives
2
a/ar(rpu)=0,
from which we can assume the folowing forms for ¢ and u,

o =kr?, (30)

u=(1-t/7")er?, (31)
where g and § are constants. Equation (29) derives

g 4§ +2=0. (32)
If egs.(30) and (31) are substituted into eq.(13), we have

—C/r21 '—c2q2!.6 P _3=—I‘GB K31 , (33)

where q=(1-t/1'). Equating the exponent of r in the second term on the

left hand side to that on the right hand side, we have




§-3=2B-1. (34)

(If we put T+r/u, then the exponent of r in the first term on the left
hand side is equal to that of the second term.) Equations (32) and (33)
lead to B =-3/2, and 6=-2/1. With the sonic conditions rS=1.1x10—3m and

2/3 4 1/2

t=0 s, we have k=9.97x10'kgn°/> and 1=2.81x10%m Thus at r=2x10“m,

for example, the density bocomes p=3.52x105kg/m3=1854ns. From eq.(33),
where F=1.11x104Pa2m5/kg5/3, we have 1'=3.5x10-35 for q=1.6x10_3.

It is turned out in this section that the fuel is in the supersonic
flow at the outer part in the target with the rather large radus, and the
contiuous compression is carried out accompanied with the chocking in the

subsonic flow near the target centre.

§9. Final Implosion of Fuel near Outer Boundary
After the section 7, the motion of fuel near the outer boundary is
analyzed in the similar way to that in section 7. At the outer boundary
r=n(t), the boundary conditions are
p=p0=2.25x1013Pa, (35)

p=0 ,=3.83x10°kg/n’, (36)

Again the variables are developed as

r=n+x", (37)
)

p=p ", (38)

P=p_+p", (39)

u=uo+u", (40)

when the quantities with double primes are of order ¢ and the operator
3/3x" increases the order of operand by 1/¢. If eqgs.(37)-(40) are
substituted into egs.(12)~(14), the terms of O(1/c) in egs.{(1) give

2
uy=dn/dt=-c, */n". (41)

1 1
outer boundary is related with its radius through

where a constant c.' is chosen as c, '=2.23x10/ms. The velocity ug of the
u_=dn/dt=-c '/n2 '
o 1 )

Thus we have

/3

n=(c,'~3ec, 't)} (42)

where ©,' is chosen as c,12(6x1073m)3-2.16x10""m3. The terms of 0(1) in




eq.(12) derive
u"=-2c1‘x"/n3=-2c1'/n2+2cl‘r/na. (43}
The terms of O(l) in eq.(13) lead to
2 5 2 . a4 5
B ' "n - ' - . 44
pl=-2c, '"p x /Ypon 2¢c, pO/Ypo(l/n r/n”) (44)
Equation (14) derives

p"=~cl'2x"/n5=—2cl'2/n4+2c1'2r/n5. (45)

It is clear from egs.(43)-(45) that the gradients at the outer boundary
are less steep than those at the inner boundary, because n is larger in

comparison with £ which tends to zero.

§10. Example of Numerical Result
The density p of the fuel

(kr/m>) obtained in the preceeding sections

10° are plotted in Fig.g versus the

radius. The boundary layer formed

near the inner boundary of the fuel

is quite sharp due to the large
10 acceleration. After the fuel is once
accelarated to the supersonic flow

with the Mach number of order 10 at

the half way of implosion, the
decreasing cross-sectional area of
the fuel path in the spherical target
’l causes Lhe large compression (aboul
one hundred times). After the flow

103

0.01 O.

Il of fuel arrives at the sonic surface,

=]
N

0.05 0.1 0.2 0.4 r(mm) the chocking occurs in the subsonic
Fip.8. Fuel dengity versus radjus. region in which again the fuel
continuous line from eq.(19) for main

fuel. Dotted lines from =q.(13) (or compression occurs (about ten times).
inner houndary. Chain lines from eq.

(33) for outer boundary. Formally speaking, the velocity of

the inner boundary 1s infinite at
g£=0. After the void closure, this large fuel velocity stops at the
target centre and hence a strong diverging shook will heat the central

spot of the fuel to ignite the fusion reaction.

§11. Target Structure and Optimization of Target Parameter




The cryogenic target with one
shell and tlhuee layers as is shown
in Fig.9 is simple and practical to

tanper (lead) realize the high pressure of p=
pr=113e/cm’ 5.72x1016Pa at the fuel center.

pusber (alumimm)
pu=2Tglcm? The target temperature is 8K before

the implosion and forms the inner
- ur fuel

9.R2 mm pmy=021g/cm® Solid layer. The middle layer is

9.5 mm—

called the pusher. The beam
LR deposits the major part of its
energy in this layer, whose tempe-
rature increases ~nd hencs whnce
pressure increases to accelerate
Fig.g Target structure the fuel layer to the target

centre. It is hoped that the
pusher absorbs the beam energy efficiently and does not occupy the large
part of the kinetic energy of the implosion.

Let us consider the case that the beam with the intensity of 300TW
deposits its energy in the pusher layer with the mass of M =1.91x10_4 kg.
The pusher pressure pp increases rapidly and arrives at pp:lOlZPa after
10ns. The the pusher pressure remains constant because the deposited
beam energy in the pusher layer is in balance with the work done on the

12

fuel layer. As a strong acceleration (a=10 m/sz) acts inward or the

fuel from the pusher side, the density of the pusher must be higher than
that of the fuel, if we want to have no Rayleigh-Taylor instability.d)
On the other hand, the fuel is decelerated strongly due to the decrease
in the cross-sectional area of the fuel path, when the fuel approaches
the target centre. At this deceleration phase of the fuel, the gravity
acts on the fuel in the oposit direction to that in the acceleration
phase. In this deceleration phase, the density of the pusher must be
lower than that of the fuel in order to escape from the Rayleigh-Taylor
instability. 1In the optimized target given later, the pusher expands 40
times the initial wvolumec. Therefore, no Rayleigh-Taylor instability
occurs when the initial pusher density p_ is chosepn as 1-20 times the
initial fuel density Ppe Since pf=189kg/m , the aluminium of the density
of pAl=270kg/m3 satisiies the conditions described above.

The tamper layer plays a role to protect the target from blowing
off, when the beam deposits the energy in the pusher layer, which expands

rapidly. The lead, whose density is p b=1.13x104kg/m3, is one of the

P




preferable materials as the tamper. From the point of view of small

induced radioactivities, aluminium and lead are preferable materials,

too, for the bombardments of energetic neutrons.
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Figure 9 shows the fusion output

€ versus the fuel mass MDT

for the case that the target radius

is r_=6mm, the thickness of the

t

tamper layer made of lead is §

=20.5um (the mass of the tamper isP:Pb
=150mg), the thickness of the
pusher layer made of aluminium is 6A1
=156um (the mass of the pusher is MAl
=191mg). The rate of the beam energy
deposited in the pusher to the total
input beam energy is CA1=O.85, the
particle energy of the proton beam is
ep:S.lMeV and the total beam energy
is Eb=6MJ.
out that MDT=23.7mg is optimum to

In the figure, it turns

extract the mdximum Ef.

The notation Cp shows the rate
of the beam energy deposited in the

versus C =C

Figure 10 shows Ef p-CAl

for the same kind of the target and the proton beam with those for Fig.9.
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fusion output energy Ef increases rapidly with the increase of E_if E

b b
>2MJ.

§12. Summary
Let us imagine that the proton beam with ep:dMeV and E_=6MJ impinges

=23.4um

b
on the three layer, cryogenic, hollow shell target which has ¢

(Mpb=120mg),

6A1=15h4m (MAl =184mg) and MDT=21.5mg and rt=6mm. g?nce the
time duration of the implosion is abcut 60ns, the pulse width of the beam
is required to be Tb:30ns. Thus the beam power is 200TW. The pusher
pressure increases with the deposition of the beam energy. The pressure
arrives at pp=1013Pa (Tp=200ev) after 10ns of the beam irradiation on the
target and the pressure saturates at this value during 20ns, being in
balance with the beam energy distribution and the work to accelerate the
fuel toward the target centre. The fuel mass of MDT=21.5mg has an
acceleration of o :5x1012m/s? being pusher by the pusher pressure of p
=1012Pa and the implosion velocity reaches U=3x105m/s after the implosiog
time of 60ns. After the void closure, the fusion parameter reaches R
=70kg/m2 and the fuel temperature is heated to Tf=4kev by a strong shock
wave which propagates outward from the target centre after the fuel
collides with each other at the target centre. The self-heating of the
fuel occurs since the stopping range of the o-particle as the fusion
product is much smaller than R. The average reaction rate of the fuel
reaches F=34% and the fusion reactions releases the output energy of E

=2.5GJ.

f
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Synopsis

Effects of irradiation nonuniformities on target impliosion and ignition
conditions for inertial-confinement fusion with ion beams are studied by
using a 2-dimensional code. The following results are then obtained.
When the beam energy is 5 MJ which is 1.6 times the threshold beam
energy (= 3.2 MJ) in the spherical symmetric case, ignition occurs if the
peak-to-valley nonuniformity rate is smaller than 0.05. On the other hand,
this value rises up to 0.1 when the beam energy is 7 MJ, i.e., it is 2.2 times
the threshold beam energy in the spherical symmetric case. Furthermore,
the ignition condition is the severest for the nonuniformity with the largest
spatial scale.

§L Introduction

For achievement of inertial-confinement fusion (ICF) with ion beams or
lasers, it is necessary, at least, to compress the deuterium-tritium (DT) fuel
up to 103 times the solid density and to raise the temperature of ignitors up
to more than 4 keV.1. 2) Many 1-dimensional (1-D) simulations have shown
that energy drivers with the order of Mega Joule are required to attain such
ignition conditions.3-6) However, such results should be regarded to
correspond to the most optimistic case because spherical symmetric
motions are assumed in 1-D simulations. For real target implosion,
spherical symmetric motions cannot be realized so far as infinite number
of the same beams do not irradiate the completely spherical symmetric
target. In other words, nonuniform motions exist all the time in practical
implosion and explosion processes. On the other hand, targets during
implosion are in the conditions where the Rayleigh-Taylor instabilities are
likely to occur. It is, therefore, thought that nonuniform motions are

s i



enlarged in the implosion process and have great influences on ignition
conditions obtained in the spherical symmetric case.

For the past several years analyses for such nonuniformities have often
been made using 2-D codes; the results have shown that nonuniformities
may be very severe problems in realizing ICF.5. 7-9) However, quantitative
analyses for nonuniformity effects have yet not been made very much.
Especially in ICF with ion beams, it has hardly been known how
nonuniformities affect the ignition conditions. The purpose of the present
study is, therefore, to estimate nonuniformity effects on the ignition
conditions and the energy gain quantitatively when ion beams are used as
a driver.

Roughly speaking, there are two kinds of nonuniformities. One is
irradiation nonuniformity and the other is target structure nonuniformity.
In the present paper we only consider the former and will remain the latter
as a future work. The irradiation nonuniformity can be further classified
into two kinds. One is the nonuniformity generated by the fact that finite
number of the same separate beams irradiate the target. This
nonuniformity has the same symmetry as that of beam irradiation.
Utilizing this symmetry, we can, in some cases, analyze such
nonuniformity effects in terms of a 3-D code with efforts as much as in the
case of 2-D codes. This will be considered in part II. The other kind is the
irradiation nonuniformity except that stated above. It includes the
nonuniformity due to the cross section of one beam not being symmetric
about the axis and that due to the incident direction of the beams diffracting
from the target center, and so on. This kind of nonuniformities are
supposed to be spatially random and must be analyzed in terms of 3-D
simulations. However, 3-D simulations for the whole sphere require so
much computational time that they are difficult to be performed actually
even if supercomputers are used. Hence, in the present paper we look only
at the axi-symmetric and bilateral symmetric modes and analyze them by
using a 2-D code.

§2. Target structure and basic equations

In the present simulation we use a spherical target consisting of the
lead, the aluminium and a fuel of the DT solid as shown in Fig.1. The
mass of the DT fuel is 2 mg. Among the three layers the lead layer plays a




role of the tamper. On the other hand, the aluminium layer has two roles;
an outer part is the pusher and the other inner part the radiation shield.
The plasma motions in the implosion and explosion processes can be
well described by the two-temperature, one-fluid model.l> On the other
hand, the radiation field and the motion of a-particles may be described
approximately by the diffusion model, and influences of neutrons on the
fluid motions may be neglected.l’ Thus we have, as the starting point to
derive the basic equations, the following conservation form of equations:

on;
=t Vniv=-2S,,
Ing
3+ Vngov = vgngy,
ong )
% * VnalVal =Sn - vonal

dpvj Opvkvj Ipt a(sj + selijk .
X tToRg - a— zsnmivj + MyVoiValal + ok g, k=1,2,3),
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= -ZSnn—iee +€q1VaeNal + Njvei(T; - Te) + ckRE, - 4xpoT, + T
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where subscripts i, ¢, o and r indicate ions, free electrons, a-particles and
radiation, respectively, m and € represent mass and internal energy of one
particle (eq0 is the energy of the a-particle moving together with the ions

and electrons, and £y = 3.5 MeV; hereafter, we will represent variables for

the a-particles with the energies €0 and g4 by subscripts a0 and al,
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respectively), o is the Stefan-Boltzmann constant, n represents the number
density, D the diffusion coefficient,

p = mjn{ + MgNg(
i3 the density of the fluid, v is the fluid velocity,
Val =V - DgVngg

is the macroscopic velocity of the a-particles with the energy €q,

plvi2
Ei = &inj + egono0 + 5
Ee=eene,
40T 4
r="¢

are the energies per unit volume, p represents the pressure (pt = pj + pe +
Py is the total pressure),

Sn = <ov>npnp

is the nuclear reaction rate per unit volume (with <ou> being the reaction
cross section), xkp and kR are the Planck and Rosseland opacities,
respectively, vgi, Voe and vg are the collision frequencies between the o-
particle with the energy eq| and the ion, the free electron and the both,
respectively (vg = vgi + Vge), Vei the electron-ion collision frequency, and s
represents the stress tensor due to the molecular viscosity. In addition, the
tensor form of description was used for the momentum equation and the
viscous terms in the energy equations. In deriving the above equations, we
assumed

m, <<m, Ivl2 << lva1|2' Ivl <<,




and neglected energy exchange between the ions and the free electrons
accompanied by variation of the ionization rate. This is because the
ionization rate is nearly 1 and the energy exchange is negligible for such
high temperature as discrepancies between the ion- and the electron-
temperatures are distinguished.

For implosion and explosion motions the viscosity coefficient is very
small and widths of shock waves are much narrower than the target size.
In addition, integrals of the viscous terms in the momentum and energy
equations in eq.(1) within an infinitesimal interval including a shock wave
are zero at the inviscid limit. As a result, we may assume sj = se = 0 if we
discretize the conservation form of equation (1) as the basic equations. This
is one of merits when the conservation form of equations are used. On the
other hand, to use the conservation form of equation has some
disadvantages as follows. If we use eq.(1), we cannot utilize a merit of
using the staggerd mesh system, i.e., we must represent first order
derivatives by using values at not two, but three grid points. As a result,
computational modes appear in numerical results and they may cause
computational instabilities. For this reason we will not use the
conservation form of equation (1) as the basic equations in the present study
regardless of the advantage stated above, but use the flux form of equations.

The continuity equations of ions and a-particles can be easily
transformed into the flux form as follows:

Dny
ot + n;Vv =25, (2a)
Dnao

Dt * a0V'V =Vonal, (2b)
Dnal

D+ nalV-v=V-DgVng1 +8p - vanal, (20)

where D/Dt represents the Lagrangian derivative. On the other hand, the
momentum equation is transformed into the flux form by using eq.(2a);

a(sj + seljk

o @)

Dv
PTx = -Vpt + mavaDoaVnay +

Note that Sn does not appear in the flux form of equation (3). The energy

equations for ions and electrons can be transformed into the flux form by
using eqs. (2a) and (3);




DTy
(njcyj + ngQCyao) Dtl =-piV-v + V(pe + pr)v
o(sjljkvj s+ seljk

* o1 Voifial + Nivei(Te - i)+~ Vi (4a)
DT,
NeCve Ty = PeV-V - Vpe'v
HselikVj
+ £l VaeNgl + NjVei(T; - Te) + 4oxg(Ty - Te) + —g:zk&l, (4b)

where ¢y represents the specific heat of one particle at constant volume and
xQ = kpTe3 = kRT3 190, Note that Sy, does not appear also in the flux form

of energy equation (4) as in the momentum equation. The radiation
equation in eq.(1) has already been of the flux form as a result that lv| has
been neglected compared with ¢. Here, making transformations only for
the dependent variables, we obtain, after some rearrangement,

0 cK
Ty = V-(D,T,3VTy) + —4—0(Te -Tp), (5)

using the relation Ey = 46Ty4/c. In the present study we adopt eqs. (2)-(5) as

the basic equations and the SESAME library!2?) as the equation of state.
When we discretize the flux form of equations, we can ntilizc merits of the
staggered mesh system, in which boundary conditions are comparatively
easy to be applied and almost all of the first order derivatives can be
approximated by using values at two grid points. As a result, no
computational mode exists and computational instabilities hardly occur.
The flux form of equations have a disadvantage too. Integral of the second
viscous term in eq.(4a) within an infinitesimal interval including a shock
wave does not become zero even at the inviscid limit being different from
the case of the conservation form of equations. This term originally comes
from the viscous term in the momentum equation and physically
represents the shock heating. Due to the integral being not zero, we cannot
put sj = se = 0 in the flux form of equation. In actual simulations we use an
artificial viscosity instead of the molecular viscosity as will be stated in the
next section.

As the equation governing the energy of one beam particle, ep, we use

the following approximation equation:
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and r denotes the radial direction. Furthermore, e is the electron charge,
gg the dielectric constant in the vacuum, m}, represents the mass of the
beam particle, A the atomic number, Zy¢r the effective charge, vg the Bohr
velocity, and epq is the energy of one beam particle before incidence.
Equation (6) can be obtained by simplifying and modifying the Bethe
equation!d) so that no Bragg peak exists. If we consider the beam stopping
only in the 2-D case, we may use more complicated and accurate equations.
Such equations will, however, be difficult to be used in 3-D simulations
which will be performed in part II. Hence, in the present study we will
further simplify eq.(6) and use it as the equation governing the stopping of
beam particles. In eq.(6) A is a function of the time and the space and
cannot be integrated analytically. However, if we approximate h by its
average in each layer, h4y (which only includes the time as a parameter),

we can integrate eq.(6) and obtain

ep(r, 8;t) =-eg + \FebO' +eB)2- 2hg,r, (7

where 0 denotes the azimuthal direction, e, the particle energy at the

outer edge of the layer concerned, and r' the distance from the outer edge to
the point concerned.

As for the irradiation nonuniformity, we assume the beam intensities of
the form

const x (1 + %cos(me)),

where a (20) corresponds to the peak-to-valley nonuniformity rate and Im|
(= 2, 4, 6,...) represents the mode in the azimuthal direction.




§3. Method of computation

When the flux form of equations (2)-(5) are used in actual computation,
the viscous terms cannot be omitted within shock waves as stated in §2. If,
however, we use the molecular viscosity itself in computation, we must use
very small mesh widths because the shock widths are much narrower
than the width of each layer in the present case. Hence, such a way
requires 80 much computational time that it is almost impossible to be
actually performed. In the present computation, therefore, we put sj = se =
0, and instead, use the Neumann artificial viscosity,14) i.e., replace the ion
pressure as

Pi = i = pi + bp(Ar28,ul18,ul + A025¢v | Sgvl), (8)

where u and v denote the r- and the 68-components of the fluid velocity v, 8,
and 8¢ represent the finite difference operators corresponding to 9/0r and

d/00, Ar and A® are the mesh widths, and b is a constant of O(1). The value
of b used in the present study will be considered in §4.

In discretizing eqs. (2)-(5), we use the finite difference method. It is
difficult, however, to apply it to eqs. (2)-(5) themselves because forms of the
free boundaries and the contact surfaces of different materials vary with
time. The Euler-Lagrange transformation!) has often been made so far to
avoid such difficulties. However, there still remain some problems in
using the Euler-Lagrange transformation. One is that mesh widths in the
physical space vary rapidly before and behind of shock waves; such a rapid
variation of mesh widths often generates numerical errors and causes a
numerical instability. The second is that mesh widths in the physical
space become smaller for higher temperature because the sound velocity,
Vg, is proportional to the square root of the fluid temperature; this fact is no
good for computational efficiency because the time interval, Az, is restricted
by the Courant condition, At < \jAr2 + (rA9)2/vS. The last is a problem at
contact surfaces between different materials. When eqs. (2)-(5) with the
artificial viscosity (8) are used as the basic equations, tangential velocities
on the both sides at the contact surfaces are diiferent because no shear
stress is included in the equations. As a result, fluid particles that were at
the same point initially on the surface are at different points after time




elapsed. In other words, the grid points do not necessarily coincide on the
both sides of the surface; this fact makes treatment of boundary conditions
at the contact surfaces complicated and is likely to cause numerical
instabilities. For these reasons we will use another transformation in the
present study instead of the Euler-Lagrange transformation;

!'-1’0

t=t, €)]

where 1(6,t) = ry - rg, and ro(0,t) and r1(8,¢) (r0 < r1) represent the r-
coordinates of the points that are on, respectively, the inner and the outer
contact surfaces of the layer concerned and have the same 0-(8'-)
coordinate as r (i.e., the point concerned). When using the above
transformation, we have, in computation, no such problems as stated
above. Variable transformation (9) has been verified to work very well in a
run-up simulation of tsunami whose governing equations are very similar
to the present ones.15) Writing egs. (2)-(5) with the artificial viscosity (8)
instead of the molecular one in the polar coordinates (r, 8) and applying (9)
to them, we have, after some rearrangement,

Dny
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Dnao
Dt *+ Ra0VvV =vgngi,
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Dt=por *T* 5  *tTar

Dv 1 9pt uv maVaDa+ana1
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DT;
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olsiljkvj osi + se)jk
ox oxg b’

+ Eq1 VaiNal + Njvei(Te - Tj) +

DT,
NeCye Py = PeV'V - Vpev

- 425 -
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and ug and u1 denote u at x = 0 and 1, respectively. In addition, V, V-v and

so on can be easily transformed using the above transformation equations.
We next derive finite difference equations corresponding to eq.(10). As for
the space, we use the staggered mesh system as stated in §2 and apply the
centered finite difference to the derivatives. On the other hand, we apply,
for the time, the most appropriate scheme among the leap-frog, the Crank-
Nicolson and the backward Euler schemes according to properties of terms
in the finite difference equations. In addition, the path-line method!5) is

used for the advection terms in order to suppress computational
instabilities due to the aliasing errors. Thus, the finite difference equations

are obtained as follows:

n+l
1

n+l

(n; - n;}.:l Y2At + 1§(n + n?a.:l)(ﬁv-v),r..l =-25,,

n+l n-1 1 n+l n-1 n n
(g -nyee28t+51 5 +n,0:)@V Ve = (Vangl s,

n

n n-1 n nn
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i ' 2 mgVveD
@™ B yoag = -(S’;t 2+ G0 (—%rnal ),

(11a)

(11b)

(11c)

(11d)
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where
1
8r=73x
39 = 3¢’ + 3gxdyx,
5y = Gr. 150),
dyv=29 u+2—u+16 v +
VY=ot T Y Y ane’
2f, 1 f
8y-Ry = 8r(fBy) + TBr + 506(B) + 5-—B9  (F=Dg, DrTy3),

pi™ = pil + bp(Ar23,m 18,u1 + AB28gv ! 8gv 1 )n-1,

Here, superscripts n-1, n and n+1 indicate time steps, subscript * refers to
values on the path-line (defined in the transformed coordinate system), and
Sgx represents the finite difference corresponding to 9x/00 in eq.(10). When
At is changed during computation, the simplified Runge-Kutta (i.e., Heun)
scheme is used instead of the leap-frog scheme. Note that V -v and the
diffusion terms have been discretized in the form of the parentheses having
been taken off (i.e., the non-conservation form). The reason is to keep the
accuracy of the finite differences to the same order even near the center of
the polar coordinates (see Appendix for details). In eq.(11) variables at n+1
step (n step in eq.(11c)) appear in more than one term in each equation




except eq.(11d). However, eqgs. (11a), (11b) and (11e) can be easily solved
explicitly by rewriting them as

(1 + atsy-vinP*! = (1 - atdyvinl - ass™s,

n. n+l n n-1 n
(1 + Atdy-v« mye =Q- Atdy-vx n 0« + 28t (vgngl s,

Atuy Atus
n-1 -8gpt’ + mgvaDadeng|
(A +pva*l = (L -—pve + 28 - )e. 12)
rx

On the other hand, eqs. (11f), (11g) and (11h) can be rewritten, after some
rearrangement, as
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= 24t + b




n
(mecveks beibi
ce='Tbei"'ber' G

13)

Using eq.(13), we may only solve T'r implicitly and can calculate Te and T;
explicitly. In solving matrices for eq.(11c¢) and the radiation equation in
eq.(13), we use a ICCG type of method. Number of meshes used in
computation is 10, 20 and 20 in the Pb, the Al and the DT layers,
respectively, in the r-direction and 2Im1 in the 6-direction.

§4. Results

Before showing computational results of 2-D simulation, we check the
code and determine the value of b in transformation (9) by solving 1-D
problems. Figure 2 shows the profiles of T, p and u for b =1 and 2 at 100
steps when the left wall began to move suddenly rightward with a constant
velocity for the Mach number 10. The exact solutionl6) has also been shown
by the dotted line for comparison. It can be seen in the figure that the
result for & = 1 represents the exact solution better than that for b = 2.
Figure 3 shows numerical solutions for T, p and u representing Kidder's
similar solution!?) (dotted line) at 180 steps. Also in this probiem the
numerical solution for & = 1 gives a better result as naturally expected.
From these results we will, hereafter, use the vaiue of b = 1.

Next, we will show computational results of target implosion. As a
driver, proton beams with the particle energy of 5 MeV are used and
assumed to irradiate the target with a constant intensity during 15 nscc.
For the present parameters, the beam particles deposit their energy in the
Pb layer (tamper) and about 2/5 part of the Al layer (pusher).

Table I shows the burning fraction (rate of nuclear reaction), /, the
maxima of pR = Jpprdr , and the time, ¢, at which the target collides at the
center versus representative valies of the total incident beam energy. Ep, in
the spherical symmetric case . Output energy by the nuclear reaction can
be obtained by multiplying f by 1,325 MJ. It is found from the table that
ignition occurs for beam energy greater than or equal to 3.2 MJ, i.e., the
threshold beam energy for the spherical symmetric case is Et: = 3.2 MJ for

the present situation. For Ep = 9 MJ, moreover, the values of f and pRpax

are found to decrease; this is cupposed to be due to the fact that the preheat




occured as a result that the temperature in the pusher became high. As
for pRmax. it is seen to have exceeded the values, 20 ~ 40 kg/m2, enough

for ignition even in the case where no ignition occured. This indicates that

for beam energies less than Etbh = 3.2 MJ, no ignition occured as a result

that ion temperature in the hot spot (i.e., ignitor) could not exceed the
temperature, 4 ~ 5 keV, necessary for ignition.

Table II shows the burning fraction, f, the maximum of pR =
[dQJpp.dr/[dQ (with Q being the solid angle), and ¢, versus representative
values of the noruniformity rate, a, for E, = 5 MJ and m = 2, i.e., for the
mode with the beam energy 1.6 times Eg‘ and the largest scale. It is seen

that no ignition occurs and the energy gain is nearly zero if the

nonuniformity rate, a, exceeds 0.04. Hereafter, we will call this value the
critical value of a for m = 2 and Ey, = 5 MJ, and write acr = 0.04. On the

other hand, the maximum of pR does not decrease so much even in the
case of ne ignition. This means that when a is greater than a.yr, ion
temperature in the hot spot could not rise up to the tempcrature necessary

for ignition, as in the case of table II, owing to the nonuniformity effects.
The values of ¢; hardly depend on the nonuniformity rate.

Figure 4 shows the maximum of T (solid line), that of T, (dotted line),
pR and the burning fraction, f, as a function of the elapsed time after the
time, ¢¢, at which the target collides at the center for Ep =5MJ, m =2 and a
= 0.04, 0.05. Comparing the figures for a = 0.04 and 0.05, we can conclude
that a slight difference in T determines whether ignition occurs or not and
cause a large difference in the burning fraction.

Figure 5 shows contours of T} and p when E, =5 MJ, m =2,a =0.04 and ¢
- tc = 1 nsec (before the ignition; see Fig.4) and 1.5 nsec (after the ignition).
It is seen in the figure at ¢ - £, = 1 nsec that the contours fairly deform due to
the nonuniformity effect. On the other hand, this deformation can be seen
to have been mostly recovered at ¢ - ¢, = 1.5 nsec, i.e., during the explosion
process after the ignition.

Table III shows the critical values of a form =2, -2, 4,-4,6,8and E, =5
MJ and 7 MJ. It is seen in the case of E}, = 5 MJ that a., takes the smallest
value for the m = 2 mode. In other words, the ignition condition is the
severest for the nonuniformity with the largest spatial scale. It should be
noted, moreover, that a. has different values for the same Im!. This
means that strength of nonuniformity effects on the ignition conditions is a




function of not only the growth rate in the linear stability theory, but also
that in the nonlinear theory. The reason is why the modes with the same
Im| have the same growth rate in the linear theory. When E, = 7 MdJ (e,

Eypis 2.2 times Eg'), the value of a., for m = 2 is found to rise up to 0.09.

§5. Conclusions

Using the 2-D axi-symmetric code, we analyzed how implosion motions
and the ignition conditions for the ion-beam fusion were affected by
irradiation nonuniformities except those due to the target being irradiated
by finite number of the same separate beams. We then obtained the
following two main results. The first result is that the critical value of the
peak-to-valley nonuniformity rate is the lowest for the m = 2 mode. In the
present simulation the left-right symmetry has been assumed as well as
the spherical symmetry. Consequently, the m = 2 mode corresponds to
motions with the largcst scale in the present simulation. This result,
therefore, implies that the value of a.y may be smaller for the m = 1 mode,
i.e., the ignition condition may be severer if simulations are performed
without assuming the left-right symmetry. This is a future problem.

The second is the result that the critical value of the nonuniformity rate
is a¢r = 0.04 when Ey, = 5 MJ, i.e., the beam energy is 1.6 times the threshold

beam energy, Eg‘ = 3.2 MJ, in the case of spherical stmmetrie irradiation.

On the other hand, a¢, rises up to 0.09 when Ep = 7 Md, i.e., Ep is 2.2 times

Eg\ . These results indicate that the critical value of a may further increase

if beams with larger energy may be applied on the target. It is, however,
difficult to apply the beam energy greater than 7 MJ so far as the target
with the present parameters is used. The reason is as follows. When more
beam energy is applied on the target, temperature in the pusher becomes
higher and the propagation velocity of radiation becomes faster. As a
result, we must use targets with a wider radiation shield to avoid preheat
and make the pulsed width shorter. In such target implosion, however,
the hydrodynamic efficiency is expected to decrease and the implosion
velocity and the temperature in the ignitor may not increase; it is
questionalbe, therefore, whether ignition occurs or not even when larger
energies are applied.




In the present simulation no ignition occurred when the nonuniformity
rate exceeded a certain value not as a result that the value of pR became
smaller than that necessary for ignition, but as a result that ion
temperature in the ignitor could not exceed the ignition temperature. This
is due to the fact that the mass of the DT fuel used here was comparatively
large, or rather too large. If, therefore, we lessen the target size and the
fuel mass, we may obtain ac, with a larger value because the implosion
velocity and the temperature in the ignitor are expected to increase for such
a target. For smaller targets, however, preheat effects should be taken into
consideration as in the case where beams with larger energy are applied.
The reason is that the target closure time is shorter for smaller targets and
the pulse width must be shortened for such targets. As a result,
temperature in the pusher increases and preheat will be easy to occur.

To summarize these results, we may conclude that we can obtain
sufficient pellet gains if we can control the peak-to-valley rate of irradiation
nonuniformities except those due to finite number of separate beams
irradiating targets to be within 10%. If such a control is difficult, therefore,
it will be necessary to look for other conditions in which a.r becomes
greater by changing various parameters concerning the target and the
beam. It may not necessarily be easy to look for such conditions, and we
will remain it as a future work.

Appendix: Estimation of Finite Difference Errors for V.v and V-.xVT
For simplicity, we take V-v as an example, and assume v to be a
function of r alone. In this case, since V-v can be written in the

conservation and the non-conservation forms as

the two finite difference forms can be considered as follows:

5r2u + O(Ar?)  §.r2u O(ar2
Vov=—— =L (;), (A1)
r T T

Vv =38+ 2Tu+ O(Ar2), (A2)




assuming the finite difference errors for the first-order derivatives to
0(Ar2). The above equations show that the conservation form of finite
differance (A1) has an error of O(1) when r ~ Ar. On the other hand, the
finite difference error can always be kept to 0(Ar2) when the non-
conservation form (A2) is used.

As for V-.xVT, we can also show, in a similar way, that the finite
difference error may be of O(1) when the conservation form of finite
difference is used and it can be kept to O(Ar2) when the non-conservation

form is used.
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Table I. The values of the burning fraction (the rate of nuclear reaction), f,
the maximum of pR = fpprdr, and the time, ¢, at which the target collides

at the center versus representative values of the total incident beam energy,
E},, in the spherical symmetric case.

EpyMJ) [ pRya (kg/m?) t,(nsec)

31 0.0003 73.8 221
3.2 0.547 74.5 21.8
4 0.560 79.5 198
5 0.569 814 18.0
6 0.573 82.5 16.6
7 0.570 838 155
8 0.554 83.2 14.4
9 0.408 25.2 133

Table II. The values of the burning fraction, f, the maximum of pR =
Ipprdr, and the time, t¢, at which the target collides at the center versus
representative values of the nonuniformity rate, a, for E, =5 MJ and m = 2.

a f PRyax (kg/m?) ¢ (nsec)
0 0.569 824 18.0
001 0.568 814 18.0
002 0.568 80.0 18.0
0.03 0.566 76.7 18.0
0.04 0.561 71.9 17.9
0.05 0.0006 66.9 179




Table III. The critical values of the nonuniformity rate, acr, versus
representative values of the incident beam energy, Ep, and the mode in the

9-direction, m.

Ep(MJ) m agn

5 2 004
ﬁ 5 4 007
5 6 005
5 8 007
5 2 007
5 4 005
7 2 0.09

250 pm 0|

Fig.1. Target structure used in the computation.




Fig.2. Distributions of T, p and u for b =1 and 2
at 100 steps when the left wall began to move
suddenly rightward with a constant velocity for
the Mach number 10. The exact solutionl6) has

also been shown by the dotted line for
comparison.

Fig.3. Finite difference solutions for T, p and u

with b = 1 and 2 representing Kidder
solution17?) (dotted line) at 180 steps.
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Fig.4. Plot of the maximum of T} (solid line), that
of Ty (dotted line), pR and the burning fraction, f,

as a function of the elapsed time after the time,
tc, at which the target collides at the center for

Ep=5MJ,m=2,and a =0.04, 0.05.
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Fig.5. Contours of T; and p when E, =5 MJ, m =
2,a = 0.04, and ¢ - t; = 1 nsec (before the ignition;
see Fig.4) and 1.5 nsec (after the ignition).
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PIC C ode f or L I B D i od e
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Ne are developing a 2.5 - dimensional Particle - 1n - Cell
Code to design High Intensity LIB Diode for lnertial
Confinement Fusion. The fundamental equations consist of

three wave equations, one Poisson equation for determing the

electromagnetic field and Newton - Lorentzs equations for
moving particles. In this code . Cylindrical coordinate
is used . The first step., this PIC Code try to simulate

a simple model which is parallel cicular plane Diode

and to investigate Ton current density at cathode
§ 1 I ntroduct i on
In LIB ICF , it is required that the several MJ Energy 1is

injected into a Target with the radius of several milime -
ters during the time interval of several nanosecond. For

generating such High Energy lomr Beam . w%e¢ vcan use the high




voltage pulsed power techniques . The main problem connected

with ion beas production

is that application of a high

voltage to an anode - cathode gap candraw both an electron

beam from the cathede and an ion beas

to the larger ion mass , the ionm current will bebe

than the electron

current

from the anode . Due
smaller

e And the power delivered

to the ion bean will be smaller than the power to the elec-

tron beanm. To improve the

efficiency of the ion beam produ-

ction, it is necessary to prevent the electrons froms cathode

.because electrons will take up the most of energy delivered

to the diode. To prevent

the electron current from the

cathode . we apply the magnetic field at the anode - cathode
gap. This diode type is the Magnetically Insulated Diode
At generating the ion beam |, The stability of electron

sheath is very important problea

P. I. C. Code to

diode . In this code,

coordinate

§ 2 Mode |l

[A] Field Equations

[f we employ the relations

simulate

Therefore . we make the

ion and electron motion in the

Assuming axial symmetry in cylindrical




R = - vV ¢ - (5 A a t
v - A = 0
with Maxwell s equations . the electromagnetic field are

obtained by solving three wave equations for the vector

potential and one Poisson equation for the scalar pote -

ntial
V°<X>==~p'ea
via -~ (1 c )y (&2 A gt )
= — u g I ~ VvV (& @ a t )
shere <N and P are the vector and scalar potential.
J and p are current and charge density . The rurrent

and charge densities is interpolated by area-weighting.

The model is circular plane diode. Assuming axiadl sym

Betry in cylindrical coordinate. (0 3 8 -4}

:B. Equations of Motion

fon motion are determined by this equations
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the field eqs. and motion eqs. is implicit method.

To simulate the diode ,we uwused this parameters
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In this research . we simulated a very simple model . But

¥e need more detailed calculation of ihis model and more
development of this code to desigu LIB diode for . C.
E.

The ion current density at the cathode is shown in Figure
1. {(at" #.7 nsec) The fon and ¢electron Maps are shown ian
Figure 2~ 3, The Scvalar potential is shown in Figure 4. The

electric and magnetic field is shown in figure 5~ 7.

According to the simulation results the electron sheath
is unstabie . We need a method of stabilizing the electron
sheath.
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Kinetic Theoretical Analysis for Propagation of
Rotating Ion Beam in ICF

T. Kaneda and K. Niu
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Abstract

It is proposed that self-magnetic field of the beam can stabilize and pinch
itself, without complete neutralization of the beam current. This situation is
achieved in the back ground plasma which density is about 1/10 of the beam.
The beam produces the strong azimuthal self-magnetic field by the axial
motion. This field makes the beam pinch. The axial self-magnetic field is
induced by the beam azimuthal motion and stabilizes the beam propagation.

In this paper, the rotating light ion beam is discussed on the basis of kinetic
theory. The velocity distribution function for the beam ions f, is obtained as
an exact solution of the Vlasov-Maxwell equation for the steady state. That is,
fio is an arbitrary function with respect to Hamiltonian H, canonical angular
momentum Py and canonical axial momentum P, ; f,=f(H,P,;, P,). Here,
the subscript "," denotes the steady state. The macroscopic physical quantitics
are obtained by integration in v-space. Hence, in order to obtain the steady
state solution of beam-plasma system, these equations must be solved
numerically with Maxwell equations simultaneously. The distribution function
S0 is assumed by considering the condition to extract the beum in the diode.




Introduction

The choice of the energy driver is one of the most important subject of the
study to realize the inertial confinement fusion at the present stage. Many
kinds of energy drivers have been proposed until now. To use the light ion
beam as an energy driver is one method, but the propagation from the diode to
the target must be studied still in detail. The plasma channel method has been
proposed for stable propagation of the light ion beam. But such a mcthod has
many difficult problems in order to design the actual fusion reactor. The
rotating beam has been proposed recently as an another method to propagate
the light ion beam from the diode to the target. The azimuthal (- direction)
motion of the beam stabilize itself. The beam particles receive the Lorentz
force to the azimuthal direction by appling the radial (r-direction) magnetic
field in the diode, so the rotating motica of the beam particles is induced. The
axial (z-direction) magnetic field is induced by this rotating motion of the beam
particles. The axial self-magnetic field stabilizes the beam propagation and the
azimuthal self-magnetic field makes the beam pinch. Considering the condition
to extract the beam in the diode, the velocity distribution function of the beam
particles is decided and the macroscopic physical quantities are solved
numerically in this paper.

General Solution of The Vlasov-Maxwell Equations
The governing equations of beam-plasma system are given as following
equations.

Boltzmann equations
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Maxwell equations

VXB = o [ Sei, 0 + o lE (xibiesd) @
= -9B

VXE = 3 3

V-B=0 (4)

&V E= [Tef & (x;b,e,i) )

—® x

Here, f, is a velocity distribution function. The subscript " denotes a sort
of particles. t is time, q (q=(r,0,z)) is generalized co-ordinate, superscript "-"
denotes the time derivative and "*" denotes the microscopic velocity. Because
the mean free path is exceedingly long compare to the beam radius as to the
beam particles, the assumption of collisionless holds to a fairly good approxi-

mation.
8 .3y .. 8fy
—_—tg—+g— =0
ar g 95 ()
Based on a few assumptions (%= 5‘%=;—z=0), equation (6) can be
written as follows:
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Here,F=(F_,F,,F,) is external electro-magnetic force. This external force is
written by scalar potential ¢ and vector potential A. Equation (7) has the
form of Lagrange’s partial differential equation. From the characteristic
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equation of this equation, following three integrals of motion are obtained.

H=e,® +%m (¥ 2+ ¥2+ 9,2 : Hamiltonian
P, =m,ri,+ e,r4, : canonical angular momentun
P, =m¥,+eA, : canonical axial momentum

Then, the general solution of Eq.(7) is an arbitrary function with respect to
these three integrals of motion.

fso = fyolH,Po,P,) (8)
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Here, the function U(r) is given by
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Equilibrium Solution of The Beam
The steady solutions of the rotating ion beam can be obtained by the before
basic equations. It is assumed that the canonical angular momentum P, has
the scatter and the Hamiltonian H and the canonical axial momentum P, have
constant value H, and P, respectively on each particle. Then the velocity dis-
tribution function f, can be approximated by following equation.

Sl PP} = A 8(H—H,) 8(F,~F5) S(Pyg; Poys Poa) (10}

Here, A is constant, 8(x-x;) is a delta function. The function S(x:x,,x.)
takes unity between x, and x, , and the value corresponding to the another x
values is zero. Such a distribution function f,;, expresses a hot plasma pro-
pagating to z-direction with the betatron motion. The integration appeared in
the Maxwell equation (2) and (5) can be calculated as follows:

Fa2

2A 1
n,,u = 3 I—G— dPe (11)
mb"’el
VbrO =0 (12)
?
Vg = —2A_ [ LPamerAw (13)
580 iy A G m,r ]
Py—eA,
Vio = _o’;:__o_. (14)

The beam temperature Ty is not an unknown function of the Maxwell equa-
tions, however, which can be written as follows:
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The integral from P, to
Py of P; in  the
Eq.(11),(13) and (15) can
be integrated analytically
by sorting out into follow-
ing four cases.

For example, beam
number density (Eq.(11))
is calculated as following
way.

By comparing the singu-
far points (Py=e,
rAgxmra) of the curve
1/G and the range of
integral ( Py, <P <P, ),
the solutions are classified
into four cases. Here, a is
defined as follows:

2 Ly~ ek,
a= Vm_b(ﬂo“od’a)‘(%){




As to the other physical quantities, in the same manner as numbcr density,
the analytical solutions are obtained by the classification into four cases.

Table 1 The analytical solutions classified into four cases

case 1

case 2
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where

Py1—eyrAg

m,r

The Arcsin denotes the principal value of the arcsin. Here, one should note
that these physical quantities n,;,V,,, and T, are not decided as functions of
Because in the above solutions, the functional forms of ®(r),A,,(r) and A
,0(r) are not decided. Hence, in order to obtain the steady state solution of
beam-plasma system, these equations must be solved numerically with
Maxwell equations simultaneously. At each point of r, the "case” must be
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decided to calculate the n,,V, 4, and T,
The results are shown in Fig.2-Fig.7 in the case of E, =0,V,=V =0. The
following parameters are used in this calculation.

H,=1.3x101%2]

P, =-0.3x10%2 kg m? /s
P,=1.5x102kg m?2/s
P4=6.5%102 kg m/s
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Fig.2 Beam number density profile
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Hybrid Particle Simulation for Focusing of
Rotating and Propagating LIB

Takayuki AOKI and Keishiro NIU
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Abstract

The focusing processes of a rotating and propagating light ion beam in the
drift region are studied numerically by using a hybrid particle code. Initially an
intense ion beam with the current density of 8 kA/cm-” and the total current of
2.5 MA. which is extracted from the diode, passes through the applied
magnetic fielu iv make the beam rotate in the azimuthal direction. The beam is
focused owing to the anode geometry and the induced self-magnetic field. The
phenomena of the beam focusing strongly depend on both the background
plasma pressure of the drift region and the applied magnetic field. In the case
that the plasma pressure is 3.0 Torr and the 0.2-Tesla magnetic field is applied
in the distance of 2.0 cm, the self-magnetic field is induced in the vicinity of
the focal spot, and the rotating and propagating beam with the intensity of 10§
TW/cm"” and the beam radius of 3.5 mm is formed after the focal spot.

1. Introduction

Inertial Confinement Fusion (ICF) schemes require the intensity of more
than 100 TW/cm® and the beam energy of several MJ for light ion beam (LIB)
drivers in order to extract enough energies from DT fuel targets.“ Recent
experimentsz) of the beam generation resulted that the beam current density
was 6 kA/cm® before focusing and the diode voltage was 1.4 MV. Beam
focusing expcriments3'4) reported that the focal intensity was 1.5 TW/em®,
because the flashover anode plasma was inhomogeneous and the cathod




electron sheath could not make a spherical equi-potential. Furthermore, the
self-magnetic field induced in the drift region had bending effects on the beam
trajectories. A recent approach is to use an ion with a larger mass-to-charge
ratio than a proton, that is, to accelerate Li* ions.? However, these types of
experiments assumed that the target was located at the focal spot, and the beam
transport in the reactor chamber was not taken into consideration. The
transport experiments using the z-discharge plasma channel® were made, while
there were a few cumbersome problems. used for the beam transport from the
focal spot to the target.

Recently a rotating and propagating LIB has been proposed”) in order to
improve the focusing properties and stably transport the beam to the target
over the distance of several meters. A beam current of a intense LIB is not
neutralized adequately in a low-density plasma comparable to the beam
density.®) This beam makes use of the pinch effect of the azimuthal self-
magnetic field induced in the focusing phase in addition to the diode geometry.
In the propagation phase, the beam is confined by this magnetic field and the
Lorentz forces balance with both the beam pressure gradient and the
centrifugal force in the radial direction. At this stage, beam trajectories are not
straightforward and beam particles oscillate with a betatron frequency in the
radial direction. A beam brightness and beam optics become meaningless in
such a situation. The beam propagation is stabilized by the beam rotational
motion and induced axial magnetic field. In the macroscopic equilibrium state,
the beam is stable on the condition that the ratio of the beam rotating velocity
to the propagating one is more than the value of 0.6.” In this paper, the
phenomena of the beam focusing are simulated by the hybrid particle code in
which beam ions are represented by a particle model and a background plasma
is treated as a fluid model. We investigate the optimum density of the
background plasma and the optimum strength of the applied field to rotate a
beam for a well-focused rotating and propagating LIB.

2. Self Focusing and Formation of Rotating and Propagating LIB

The beam particles with the injection angles and the local divergence




angles due to the diode structure are injected into the drift region. In this
paper, it is assumed that the specie of a beam is a proton and each particle has
the energy of 5.6 MeV in the entrance. The structure of the drift region and
the system of the cylindrical coordinate (r,0,z) are shown in Fig. 1. This
region is filled with a low-density plasma and the applied field coils setting up
in the entrance continue to the anode of the diode. The magnetic-field
structure made by these coils is shown in Fig. 1.

In the applied magnetic field, the beam particles begin to rotate in the 6-
direction owing to the Lorentz force. A small percentage of the axial
momentum of the beam is transferred to the angular momentum by the applied
magnetic field. The space charge of the beam is perfectly neutralized by the
background electrons in this region, however, the current neutralization
fraction strongly depends on the density of the background plasma. The beam
current is mostly neutralized on the condition that the plasma density is much
higher than the beam density. It is assumed that the plasma pressure of the
drift region is a few Torr ( at 273K ), that is, the plasma density is the order of
102 m™>. If there are no field and no interaction among each particle, the
beam is focused at the focal point z;, which is determined by the injection
angles and the spot radius of the beam depend on the local divergence angles.
When the beam is focused within the 1 cm-radius owing to the injection
condition, the density of the beam becomes comparable to that of the plasma
and the strong magnetic field is induced in the vicinity of the focal spot.
Because the angular momentum is conserved, the beam velocity in the 8-
direction becomes large near the focal spot. The beam 6-current induces the
magnetic field in the z-direction to stabilize the beam propagation. After the
focal point z,, the strong induced magnetic field confines the beam within a
small radius. Thus far the configuration of a rotating and propagating beam is
formed.

3. Hybrid particle code

In order to simulate the focusing process of a rotating and propagating
LIB, we have developed a hybrid particle code. In this code, the beam motions




are solved by using a particle in cell (PIC) model, because the mean free path
of the beam particle is much larger than the scale of the region. The particle
description is given by the following Newton’s equations,

dvy _

T -——"fb (E+VbXB) , ¢}
dry _
<1 Vb > (2)

where v, and r, represent the velocity and the position of the beam particle,
respectively. Other symbols obey the standard notation.

The background plasma is collisional and is treated as two fluids (electron
— ion) model. We are not interested in the phenomena occurring on the time
scale of the electron plasma frequency, @, and the electron cyclotron fre-
quency, {},. In this regime, the inertia term in the momentum equation can
be neglected!® and the quasineutrality holds good, i.e., n,=Zn+n,, where
n is the number density and Z is the charge state. The subscripts e, i and b
denote the electron, the ion and the beam, respectively. The basic equations
describing the electron fluid are as follows,

—ene(E+ueXB)—menevej(ue—ui)—Vp.=0, (3

Snek[ L+ ue - VITe=—peVue+V-k VT +Q, | @)
3

Q= ":ie veinck(Ti“‘Te)'*'TlJp%asma (5)

+ Qstopping - QBremsstrahlung ’

where v, is the electron-ion collision frequency, K is the thermal conductivity
and m is the electrical resistivity. Qstopping is collisional deposition of the beam
energy and Qp . raniung 1 the cooling due to Bremsstrahlung radiation. The
plasma is assumed to be optically thin.

For the ions of the background plasma, the full sets of fluid equations are
used as follows: '
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By using the scalar and vector potentials, the electric and magnetic ficlds
are represented as follows,

E=-V¢--4 (10)
B=VXA . (11)

Choosing the Coulomb gauge, VA =0, Maxwell’s equations are reduced to

A¢=‘-fa(zini+nb—ne) , (12)

2
E%%%“AA=uo€(Ziniui+"b“b""=“°)— avét ' 1

Here, u, represents the local mean velocity of the beam particles. Under the
quasineutral condition, however, it is impossible to use Poisson’s equation

(12). Solving Eq. (3) for E and taking divergence, we have

Ab=V-(UeXB +mevei(ue—u;) + —}TVPC) . (14)
e

Equations (13) and (14) are used to obtain the scalar and vector potential.
In the above formulation, the existence of neutral atoms and atomic physics
including such effects as ionization, collisional excitation, radiative decay and




S0 on are ignored.

4. Dependency of Background Plasma

The current-neutralization fraction of the beam depends on the
background-plasma density. When a beam is injected into the drift region, the
beam current induces the self-magnetic fields. Because these fields vary tem-
porally and spatially associated with the beam motion, the induced electric
fields are generated in directions inverse to the beam propagation. The electri-
cal conductivity of the plasma determine the electron current corresponding to
the electric field. If the plasma pressure is homogeneous, equation (3) is
reduced to the following Ohm’s law,

_ 1 O Te; _
€2n Tei ezﬂ Tei
0'"=2_m'ee = » UI =—m:_el' » (16)

where the subscripts || and | mean to be parallel and perpendicular to the
magnetic field. The parameter w 7, depends on both the plasma density and
the magnetic field. If the plasma is rarefied and coupled strongly with the
magnetic field, o 1., >> 1, the effective conductivity decrease rapidly.

The focusing processes are simulated on the condition that the incident-
beam current density and particle energies increase with a rising time of 10
nsec as shown in Fig. 2. The injection angles are chosen such as the beam is
focus at the point of z;=28 cm, and the local divergence angles are all 30
mrad. In the case that the background is a 20-Torr Argon plasma, we can
show the temporal precesses in Fig. 3 and beam emittances in Fig. 4,
respectively. The ionization state of the Argon plasma is assumed to be single
constant'y. In any cases simulated in this Section, the applied magnetic field is
the same strength of 0.25 Tesla in the entrace of this region.

The numerical results show that the beam current is almost neutralized and
the self-magnetic field is hardly generated, because the density of the plasma is

o S




much higher than that of the beam even in the focal spot. After the focal spot,
the beam diverge and cannot form a rotating and propagating LIB. The
trajectories of the beam particle are almost straightforward except the vicinity
of the focal spot. It can be found that the beam emittance is conserved along
the z-axis according to the beam optics theory.

In the case that the background plasma is 3 Torr, the Map of the beam ion
in the vicinity of the focal spot and the beam emittance are shown in Figs. 5
and 6, respectively. The beam becomes such a situation as maintained in Sec.
2. The map of beam steering angles”, i.e., steering angle=tan"! (., /4., )
can be shown in Fig. 7. Because the steering angles are distributed broadly in
both negative and positive sides, it can be confirmed that the particles are
oscillating the betatron motion in the r-direction. In Fig. 8, we show the map
of the rotation ratio” which is defined as the ratio of the beam particle velocity
in the @-direction to that in the z-direction. After the focal spot, the average
value of the rotation ratio is about 0.5. We can find that a rotating and
propagating LIB is formed under these conditions. The background plasma is
heated up to 200 eV mainly by the Joule heating effect of the electron current.
The plasma is expanded by the J . XB_ force and the temperature gradient,
however, the spatial profile of the plasma density changes hardly.

In the case of a 1-Torr background plasma, the map of the beam ions, the
heam emittance, the steering angle and the rotation ratio are shown in Figs. 9
~ 12. If the background-plasma density is equal or less than 1 Torr, the large
induced electric fields are generated and deflect the particle trajectories from
the central axis from the early stage of the focusing. Because the beam density
cannot become high, the force due to the strong induced electric field
overwhelms the Lorentz pinch force and diverges the beam. The position of
the beam focal spot changes and cannot form a rotating and propagating LIB.

If the background is 3-Torr Hydrogen plasma, the plasma is blew off in the
r-direction mainly by the strong J . XB,, force, because the mass of the
plasma ion is too small. The plasma density near the focal spot decrease and
the induced magnetic fields become large.

To be summarized, a 3-Torr Argon plasma is the most suitable for the
focusing and the formation of a rotating and propagating LIB configuration.
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5. Optimum Applied Field

In order to rotate a beam propagating in the z-direction, the magnetic field
has to be applied in the r-dire~tion. The strength of this field has a strong
effect on the beam focusing processes as well as the background-plasma
density. We can estimate the strength B, ., and the distance Az which the
field should be applied to. After passing through this field and before
focusing, the beam particle has the rotationai velocity, Au,, which is
calculated as follows;

=_€ . =_€_ .
Aue— m_b'uszapphedAt mbBapphedAz » (17)

where u,, is the beam injection velocity in the z-direction and At is the
propagating time for the distance Az. Because the system is cylindrically
symmetry, the angular momentum is conserved,

Lo=myrug+erAg=const . (18)

After the beam is focused, the beam density n,? and the beam azimuthal
velocity u,? are required to be ~102 m~3 and ~107 m/s, respectively. From
Eq.(13), we have

Ag ~ p,oenbauearaz ’ (18;

where r? is the beam mean radius The angular momentums between before
focusing and after focusing are equal and we have

mbueara( + nbae2 ra2 )
erbd mp€, c¢ /°’

B appliedAz = (19)

here P is the beam velocity before focusing and is approximately equal to the
diode radius of 10 cm. In the case of r*=5mm, the value of B, ;. ;Az is 1072
Tesla'm. In the case investigated in Sec. 2, we chose the applied magnetic field

such as B apph.EdAz=4>< 102 Tesla'm and the simulation resulted that beam was




focused well.

In the case of non-applied magnetic field, the results of the simulation are
shown in Figs. 13 and 14. In this Section, the background is assumed to be a
3-Torr Argon Plasma. It can be found that the rippling occurs after the focal
spot. The focused-beam intensity increases only up to 50 TW/cm? and This
rippling may trigger instabilities. According to the stability analysis®, non-
rotating beams confined by the self-magnetic field are subject to Sausage
instability.

In the case of BappuedAz=0.1 Tesla'm, the results are shown in Figs. 15 ~
18. After the particles pass through the applied field, they havc too large
rotational velocity. Because the centrifugal force becomes large coming near
the center, the particles are deflected. Therefore, there is the optimum
strength of the applicd magnetic field and B, .. ,Az~0.04 Teslam is the most
suitable for the beam focusing.

6. Conclusion

By using the hybrid particle code, we could simulate the focusing and
formation phenomena of a rotating and propagating LIB in the drift region.
We assumed that the proton beam with the current density of 8 kA/cm?, the
rising time of 10 nsec, the beam radius of 10 cm and the local divergence angle
of 30 mrad was injected into the drift region. When the density of the
background plasma was 3 Torr and the magnetic field was applied such as
B ,oiied2=0.04 Teslam, we had the results of the beam maximum intensity of
108 TW/cm? and the beam minimum radius of 3.5 mm after focusing.
Furthermore, the beam tended to the equilibrium state and propagated forming
a rotating and propagating LIB configuration. The background of a Argon
plasma which is heavier than a Hydrogen plasma, is suitable for the beam
focusing to keep the density constant.

It is easy and highly efficient to extract intense proton beams, and there are
a lot of advantages to a use proton beam. If the focusing experiments of a
rotating and propagating proton beam, which have not made ever, coincide the
simulation results of this paper, a proton beam is still promising candidate for




the energy driver of ICF.
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Figure Captions

Cross sectional view of the drift region. The dash lines mean the
magnetic field lines and the mesh structure is used for the

simulation.

Time dependence of the incident beam current density and the beam

particle density.

Temporal variations of the beam-ion map in the focusing process.
Dots are the beam ions. (a) time=6.6 nsec, (b) time=9.9 nsec
and (c) time=13.2 nsec. After time=13.2 nsec, the beam-ion
maps are almost same as (c¢). The background-plasma pressure is

20.0 Torr (273K).

Spatial variations of the beam emittances along the z-direction.

(@) z=7.0cm, (b)z=18.0 cm,
(e) z=28.5 cm and (f) z=31.0 cm.

(c) z=23.0 cm, (d) z=26.0 cm,

Map of the beam ions near the focal spot at time=26.4 nsec. The
background-plasma pressure is 3.0 Torr.
Beam emittance at z=30.0 cm. The background-plasma pressure is

3.0 Torr.

Beam steering angle versus axial position of the drift region at

time=26.4 nsec.

Rotation Ratio versus axial position at time=26.4 nsec.
Map of the beam ions near the focal spot at time=26.4 nsec. The
background-plasma pressure is 1.0 Torr.
Beam emittance at z=30.0 cm. The background-plasma pressure is

1.0 Torr.

Beam steering angle versus axial position of the drift region at

time=26.4 nsec. The background-plasma pressure is 1.0 Torr.
Rotation Ratio versus axial position at time=26.4 nsec. The
background-plasma pressure is 1.0 Torr.

Map of the beam ions near the focal spot at time=26.4 nsec. There
is no applied magnetic field in the drift region.

Beam steering angle versus axial position of the drift region at
time=26.4 nsec without applied magnetic field.




Fig. 15 Map of the beam ions near the focal spot at time=26.4 nsec in the
case of B, ;.;Az=0.01 Teslam.

Fig. 16 Beam emittance at z=30.0 cm in the case of BappuedAz=0.01 Tesla'm.
Fig. 17 Beam steering angle versus axial position of the drift region at
time=26.4 nsec in the case of B, ;,;Az=0.01 Teslam.

Fig. 18 Rotation Ratio versus axial position at time=26.4 nsec in the case of

B piedd2=0.01 Teslam.
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Elctron Current Effect on Stability of Plasma Channel

Tomokazu Kato and Tetsuya Ishimoto
Depertment of Applied Physics, School of Science and Engineering
Waseda University, Ohkubo 3-Chome, Shinjuku-ku, Tokyo, 160

§1. Abstract

We investigate the density profile of each species when the beanm
propagates in a plasma channel. Assuming the cylindrical symmetry
and uniformity in the z-direction for the ion beam and the plasma
channel, the profile depends only on the radial distance from the
axis of symmetry. We treat the channel ion is at rest, and there
are two flow in the channel, electron return current and beamn
flow. They build the magnetic field. Only this field contributes
to the density profile because of charge neutrality. We consider
the two cases, one is that the pressure balances with Lorentz
force ( in equilibrium ) and the other is that the profile is
constant ( before equilibrium ). So the considerable combination
of the electron and the beam profile is as follows. { 1 ) Both
the ion beam and the electron current are in equilibrium. ( 2 )
The ion beam is in equilibrium and the electron density profile
is constant. ( 3 ) The beam density profile is constant and the
electron is in equilibrium. ( 4 ) Both profiles are constant.
Case (1) is mentioned by Bennett1), and case ( 4 ) by Alfvenzx
Then we investigate case { 2 ) and ( 3 ) in Sec.§2. In Sec.§3, we

discuss the validity of the assumption of thermal equilibrium.

§2. Analysis of the density profile

We first consider case ( 2 ). As the beam is in thermal
equilibrium, the profile is given by the Boltzmann factor.
Ampere’s law, expressed in terms of the z component of vector

potential ,A , is written as follows,

YAr | L QA | _ Atevy eV Az 4nefeve
3 T ¥ oat G < Meesenp (SR2fy « ) (1)

We assume ewhafer, « | and expand the exponential inte the




Taylor series up to the second terms. The linearized equation is

Pu o rAR WL A Q‘.ﬂ_f%mbm-l)

arz T O Toa (2)

’

where f isthefractionof current neutralization ( feVe = XNsVy

’ d <o <} ) and A, is the Debye length defined on the
ion beam ( - (ME‘I‘EE—X? ). The solution of Eq.( 2 ) is

Arces = %“:(\-«)\L(‘é’;‘_r)_\\ , (3)
and

Necers Mo AL (8L « a L= (ERey1 | (4)

From the assumption of charge neutrality, the beam charge
density cannot change rapidly in the channel. Hence the argument
of Bessel function is restricted within small region, and we

expand J, to the second term. Then Eq.( 4 ) becomes

n.,\rnn.(ou\-u-m;l%‘:'{:k ¢5)
\ .

The only requirement for the validity of the present treatment is

2 a4
G- ied < (6)

where Q is the channel radius.
This method is similarly applied to case ( 3 ). In this case the

clectron density profile ( corresponding to rq.( 5 ) ) is

ecry = Me@ite (§ -1y z ¥ Ity (7)

3

where e is the electron Debye length of the plasma channel. The

condition, corresponding to Eq.( 6 ), is

_79_




§3. Conclusion

We consider the parameter of ICF using LIB experiment: ne=1018
cm'3, nb=1016 cm'B, Tb=0.1MeV, Te=10eV, Vb=1..4*109 cm 3'1,

a=0.5 cm. The condition of Eq.( 6 ) requires o > 0.996, and Eq.(
8 ) requires & = 1. Hence, in the plasma channel of LIB
experiment, the assumtion of thermal equilibrium does not be
valid, unless current is fully neutralized. A similar quantity to
Debye length in electric charge distribution does not play a role

in the magnetic interaction between electric currents.
References

1) W.H.Bennett: Phys.Rev 45 ( 1934 ) 890
2) H.Alfven: Phys.Rev 55 ( 1939 ) 425




NUMERICAL SIMULATION FOR
PARTICLE ACCELERATION AND TRAPPING BY AN ELECTROMAGNETIC WAVE

Shigeo KAWATA, Masami MATSUMOTO and Yukio MASUBUCHI
Faculty of Engineering, The Technological University of Nagaoka,

Kamitomioka, Nagaoka 940-21, Niigata, Japan

Abstract

The interaction between particles and an electromagnetic
(EM) wave is investigated numerically in the system of particle
Vpr acceleration by the EM wave. Numerical simulations show
that the particle acceleration mechanism works well in the case
of the appropriate number density of the imposed particles. When
the interaction between particles and the wave is too strong, a
part of the trapped and accelerated particles is detrapped. A
condition 1is also presented for the efficient particle

acceleration aua trapping by the EM wave.




1. Introduction

Recently many researches have been done for the high energy
particle acceleration1 based on the electrostatic wave and the
electromagnetic one. For example, the particle acceleration has
been studied by wusing an electrostatic wave propagating
perpendicular to a static magnetic field (BO) theoreticallyz'3
and experimentallyA.

In addition, another type of particle acceleration has been
proposed in these days by using an electromagnetic (EM) wave
propagating perpendicular to B05'6. In the references of 5
and 6 the basic idea for the mechanism of particle acceleration
by an EM wave was presented by a simple analysis.

Following the proposals’é, this paper shows a further
investigation about the interaction between the particles and the
EM wave in the mechanism of the particle acceleration and
trapping by an EM wave perpendicular to By. In the situation
as shown in Fig.l, electrons introduced near the Bz=0 point ( or

sheet ) of A, can be trapped in the x direction by the magnetic

force of —e/chBz. In addition, near the Bz=0 sheet the trapped

electrons feel the electric field of the EM wave to be

accelerated in the -y direction. First the mechanism of particle
7

acceleration and trapping is checked by a particle simulation’.
Then the particle-wave interaction is discussed: the numerical
simulation presents that the detrapping of the trapped particles
occur when the interaction is strong. Finally a .ondition is
also discussed for the efficient particle acceleration and

trapping in the mechanism.




2. Interaction between electrons and an EM wave

The purposes of this paper are to check the mechanism and to
clarify the particle-wave interaction in the svstem. For those
purposes one-dimensional numerical simulations are performed.
The used code is an particle-in-cell (PIC) code and is just the
same with the ZOHAR code’. The Maxwell equations and the
relativistic equation of motion are solved in the code. As 1is
described in the references 5 and 6, the EM wave must be a slow
one in order for particles to couple with the wave. The slow
wave is realized by a wave guide with a dielectric presented in
the references 5 and 6. In the simulation the slow wave is
introduced by changing the dielectric constant in the Maxwell
equations. For our purposes this approximation or technique in
the simulation is enough accurate.

In this paper the wave speed is 0.85xc. Here ¢ is the light
speed. The dielectric constant is 1.38. The magnitude of the
electric field Ey is 2.73x104/( A (cm)) volt/cm and X the wave

length in cm. The applied magnetic field (B is small

zapp)
compared with the wave magnetic field (B,5) by the factor of 6.9,

that 1is Bzapp= BZO/6.9. The averaged velocity of imposed
electrons is 0.85c in the x direction and -0.2c¢c in the vy
direction (see Fig. 1). The electrons are distributed uniformly
in the real space. In the velocity space the electrons are

distributed by the Maxwell distribution function with the

temperature of 5.45 kev. In the paper only the electrons are
movable. The number density of imposed electrons is a changeable
parameter. The employed boundary condition in the simulation is

the cyclic one.

Figures 2 show one of the simulation results in the case of
lxno of the electron number density, where ng is 5.58x108/(k
2cm)) em™ 3. The initial condition is presented in Fig.2-1:

Fig.2-1-a shows the distribution function versus the momentum in




the y direction, Fig.2-1-b the-diagram of the relativistic factor
versus the real space x, Fig.2-1-c the electron map in the
momentum space and Fig.2-1-d the space profiles of electric and
magnetic fields (Ey and B,). In each figures the trapping and
B,=0 point (sheet) is indicated by an arrow. Figure 2-2
presernts a rather beginning stage of particle trapping and
acceleration. A part of introduced particles starts to be
trapped by the magnetic field and accelerated by the electric
field., Figure 2-3 shows the efficient acccleration of electrons.
In this case the energy of the EM wave is large significantly
compared with the particle one. This simulation results show
that rhe trapping and acceleration mechanism by an EM wave works
well,

Figures 3 present other results for the case of the higher

density of 5xng. Other initial conditions a-e the same with
those in the former case. Figure 3-1 shows that a part of
electrons is trapped and accelerated like in the Fig.2. But

Fig.3-2 presents that the acceleration efficiency is lower thanr

that in the former case. In addition the back ground particles
are also accelerated. Figure 3-2 also shows that the trapped
particles start to be detrapped. In this case the EM wave has

not so large energy compared with the particle energy as shown in
Fig.4 because of the higher density of electrons. Figure 4 shows
the time sequences of the wave and particle energies, and that
the particles gain the wave energy as the increase of time. Near
the detrapping time, that is 2000 in the normalized time, the
wave looses its energy much. Figures 5 and 6 show the profiles
of magnetic field B, and electric one Ey, respectively for the
case. The decrease of electric field Ey is significant at the
trapping region. At the later time the electric field is nearly
zero at the trapping region. Therefore the trapped particle can
not be accelerated any more at the later time in this case (see
Fig.3).




The density profiles are shown in Fig.7 for the case of lxng
and 5xng at the normalized time 2000. In the figure the density
is normalized by the initial density. As shown in the figure the
density of the trapped particles is higher than the initial one
because of the bunching or focusing effect by the magnetic field
as is expected. In addition Fig.7 presents that the density peak
moves to the -x direction in the case of the higher densitv. The
wave propagates to the +x direction. This fact means the start
of the detrapping in the case of the higher density of electrons.
It is clear from the numerical results shown in Fig.3-2. The
reason why the detrapping occurs, comes from the self electric
field of the beam in the x direction. In the simulation the
Maxwell equation is solved even in the x direction in order to
include the self electric field of the beam. Roughly the

electric field Ex is estimated by the Maxwell equation as the

following:
€, = -4mI &, (1)
where t is the acceleration time interval. If the relation
lsE, | < v B,/c| (2)

is violated, the trapping force disappears in the x direction and
the trapped particles start to be detrapped. Therefore the

trapping condition becomes

ntrapét <1/(4 mq ¢) (vy/vx) B,. (3)
Here Ntrap is the trapped-particle number density. For the
efficient trapping and acceleration of particles, this condition

must be kept. Actually the simulation results show that the

detrapping occurs at the higher density than 3 ~Sx109/( Az(cm))




3 at the normalized time 2000 for our case. The estimated

3-

cm
condition shows that Derap < 4.65x109/( Xz(cm)) cm” We believe
that the condition (3) is a good estimation for the efficient
particle acceleration and trapping.

In addition to these results there is another remarkable
feature in the computed results. That is the acceleration of the
untrapped background particles in the case of the higher density,
as shown in Fig.3. The result is explained by using Fig.8.
Figure 8 shows the fovurier components of Ey. Only the basic
component and the k=0 (or flat) ore are presented in Fig.8. The
flat component appears from the particle-wave interaction as
shown in the figure. The background particles moves through the
wave in the x direction and feel the flat component of Ey' Then
they are accelerated by it. On the other hand the acceleration
of the trapped particles is saturated, because the electric field

becomes zero at the trapping region as shown in Fig.6.

3. Discussions

The interaction between particles and the wave is studied in
this paper by the numerical simulations. The numerical analyses
chow that the mechanism of the particle acceleration and trapping
by an EM wave works well. The condition is also derived for the
efficient particle acceleration and trapping.

In the real situation a slow mode of elctromagnetic wave is
vealized by the dielectric material presented in the references 5
and 6, and the actual structure of the wave fields is slightly
different from one which is employed in the analyses of this
paper. In order to simulate such the complicated structure, we
need the simulation in the multi dimension. In addition
particles move in the three-dimensional real _pace in the actual

situation. But the multi dimensionality is not the essential




point in the system. The essential points are included in the
analyses. This multi dimensionality will be included in the next
work.

In the next stage of the analyses we will also work on
parameter study in order to find the optimal parameter values for
the efficient particle acceleration by an EM wave and the

application to the ion acceleration in the near future.
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Figure captions

Fig. 1

Mechanism of the particle trapping and acceleration by an
electromagnetic wave. A static magnetic field is applied so that
there is a finite electric field at the point A (BZ=0). Near the
point A the magnetic field acts to trapp electrons. The electric

field accelerates the trapped electrons.

Fig. 2

Simulation results in the case of electron number density of
lxng, here ng is 5.58x108/(wave length X(cm))z cm‘3. Figure 2-1
shows the initial state, in which Fig. 2-1-a shows the

distribution function veresus the momentum in the y direction,
Fig. 2-1-b the diagram of the relativistic factor versus the real
space X, Fig. 2-1-c the electron map in the momentum space and
Fig. 2-1-d the space profiles of electric and magnetic fields.
Figure 2-2 shows a rather beginning stage of the trapping and
acceleration,. A part of electrons starts to bhe trapped and
accelerated. Figure 2-3 shows the efficient acceleration. I'n

this case the wave energy is much larger than the particle one.

Fig. 3
Result for the case of 5xn®. Figures show the acceleration
efficiency is lower than that in Fig.2. Figure 3-2 shows that a

part of trapped electrons start to be detrapped and the back

ground particles are also accelerated.
Fig. 4

Time sequences of the wave and pariicle energies for the

case in Fig. 3.




Fig. 5
Profiles of magnetic field at the times of 0, 600 a~d 1600

for the case shown in Fig. 3.

Fig. 6
Profiles of electric field at the times of 0, 600 and 1600

for the case shown in Fig 3.

Fig. 7

Density profiles for the cases of lxnp and 5xnp at time
2000. The indicated density is normalized by the initial one.
The trapped particles are focused near the trapping point by the
magnetic field. The peak of density moves to the -x direction in
the case of the higher density. For the case of higher density
the plotted state is at just the detrapping time. The detrapping
comes from the induced electric field E, in the x direction. At
the time of the detrapping the electric force by the induced
electric field starts to overcome the trapping force by the

magneitic field.

Fig. 8
Fourier component of Ey. Only the basic and k=0 components
are presented. By the k=0 component the back ground particles

are accelerated as shown in Fig.3-2.




electrons

Fig. 1 Mechanism of the particle trapping and acceleration
by an electromagnetic wave.
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SIMULATION CODE FOR ICF INCLUDING RADIATIVE
ENERGY TRANSFER

G. Velarde, J. M. Aragonés, J. J. Honrubia, J. M. Martinez-Val,
E. Minguez, J. L. Ocana, J. M. Perlado

Instituto de Fusién Nuclear (DENIM)

Universidad Politécnica de Madrid
ABSTRACT

New improvements in the atomic physics environment of our ICF code
NORMA, ‘together with new algorithms for radiation transport are
presented. Using that code, results on LHAR targets of ILE are reported
and compared with ILESTA and HISHO-1D codes.

LOW-Z OPACITY CALCULATIONS

The opacity calculations are divided in three parts. The first one is
the computation of the atomic orbital quantities, such as: orbital
populations, orbital energies and oscillator strengths, for each plasma
condition. The second one is the calculation of the ion distributions
occurring in the real plasma, which can be obtained via rate equations
or by a binomial distribution 1. Finally, the extinction coefficients
(absorption plus scattering) for each ionic species are determined,
using the formalism for bound-bound, bound-free and free-free
transitions, and for the scattering processes.

The first step is the calculation of bound electron populations, orbital
energies transition probabilities, effective charges and free electron
densities for each plasma component. Besides, the atomic calculation
will take into account the excited states and ground states, for each
ionic state, that contribute to the extinction coefficient, according to
their actual abundances in the plasma.

This level of calculation is performed by using average atom models (AA)
or detailed configurations (DC). The second way is obtained after an AA
calculation followed by a calculation of ion abundances through a
binomial distribution.

In order to know the atomic structure and the atomic line transitiors,
the radial Dirac wave equation 1is solved, using a self-consistent
central potential, which includes bound and free electron contributions.
A Thomas-Fermi potential, externally calculated, can also be provided.

The frequency dependent photoabsorption coefficients versus density and
temperature for each low-Z element, for about 2000 energy discrete

Paper presented at the Symposium on Physics of Target Implosion and Pulsed Power
Techniques, Tokyo Institute of Technology, Tokyo (1987)

—102—




values can thus be determined. These coefficients weighted in an
appropiate manner provide the multigroup opacities, which are employed
in radiation transport codes.

Several of our previous works 2, 3) show the results for aluminium and
other materials, whichk were found out by using the aforementioned
methodology. By comparing these results with those from the
Astrophysical Library 4)' some small differences are observed in the
Rosseland mean opacity for ranges of temperatures higher than 300 eV,
but the differences are larger at lower temperatures.

These differences have been reduced when the following phenomena are
taken into account: non-hydrogenic oscillator strength, collisional line
broadening due to electrons besides the Doppler line broadening, and
with the most detailed structure of the configurations in the real
plasma.

To check these results, aluminium plasma at 100 eV and 0.187 g.cm-3 has
been selected, because at these plasma conditions the aluminium is not

fully ionized.

In figures t.a, b & c, the extinction profiles for the Astrophysical
Library, and those for the AA model calculation and for the DC one are
shown. Looking at the results, the AA model gives a rather good results
in Rosseland mean opacity, although the extinction profile is not really
reproduced, such as it is obtained with the use of DC.

HYDRODYNAMICS WITH MULTIGROUP RADIATION TRANSPORT.

Recently, we have developed a one-dimensional radiation-hydrodinamics
code called SARA (Synthetically Accelerated Radiation Transport
Algorithm) that includes the multigroup radiation capability. The main
goals to write this code have been, first, to test the numerical
techniques to be used in two-dimensional ICF codes and, second, to
perform a more detailed analysis of the ICF capsules in a one-
dimensional frame.

The radiation-hydrodynamics equations are solved following the time-
splitting technique. In the first step, the hydro equations are solved
by means of the Flux Corrected Transport (FCT) algorithm of Boris 5). In
the second step, the Sp multigroup radiation equation is solved by a
second order positive scheme and the convergence of the radiation source
is largely improved by a synthetic acceleration method 6, 7). Finally,
the electron conduction is advanced in the third step.

By this time-splitting procedure, the radiation transport equation is
greatly simplified, resulting after time differencing and linearization

the following equation for the specific radiation intensity

Q.VIe+1/240,1¢+1/220X(E) [o"dEa(E) I'(E)+Q (1
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alumipium at 100 eV, 0.187 g.em-3. from:

(a). Astrophysical library (KR =

923.6 cm2. g-1)

(b). Average atom model (KR = 943.0 em?. g-1)

(c). Detailed configuration model (Kg
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where o stands for the opacity, op= o+1/cAt, lo for the scalar intensity
(zeroth moment in angle) and n and X are standard parameters 7). In the
radiation transport equation, all the terms should be evaluated
implicitly. This can be effectively done by the source iteration
technique, that consists on taking the radiation source from the last
iteration (€) and solving Eq. (1) to obtain the next estimate (£+1/2)
for the radiation intensity. In unaccelerated schemes e+l l/e
whereas in synthetically accelerated schemes the radiation intensities
are updated for the next iterate by means of solving a simpler form of
£g. (1) (low order operator).

In radiative transfer applications, one finds that the opacities can
reach very high values, in such a manner that the optical thickness of a
cell can be extremely high. In these circumstances, the numerical
schemes to discretize the Sp equations present two major problems.
First, the solution can become unstable, and second, the cell-centered
or cell-edge specific intensities do not fulfill the asymptotic (very
high optical thickness) diffusion limit 8). The linear dicontinuous
scheme (LD) 9), as well as other high order methods 8), solves both
problems, but is not fully positive and it is expensive from a
computational viewpoint, specifically in 2D-settings.

Based on the LD scheme Honrubia & Morel 10), have developed a new
Weighted Diamond with Slopes (WDS) scheme that is positive, second order
accurate, verifies the asymptotic diffusion limit and is cheaper than
the LD scheme.

The Fourier analysis of the convergence process of Eq. (1) shows that
for optically thick cells and large time steps, the asymptotic (after
many iterations) cunvergence rate can be unacceptably slow (spectral
radius close to 1). Thus, to solve the radiation transport equation in
the hydrodynamics time scale, with a suitable computational effort,
requires to improve this rate by using the synthetic acceleration
method. Specifically, following the Alcouffe et al. 6) and Morel et
al. 7) prescriptions we have used the Sp-synthetic method to accelerate
the convergence of the Sp iterates at two levels. In the first level,
the Sp equations are accelerated with high efficiency by the multigroup
S2 equations. However, the convergence rate of the multigroup Sp
equations can be also unacceptably slow. Then, the second step
accelerates the multigroup S2 equations convergence by a one-group (or
grey) S2 equation. By this procedure, one can obtain the implicit
radiation intensities with reasonable calculational resources.

In conclusion, our WDS discretization scheme anc the Sp-synthetic method
are highly effective for radiation transport calculations. In Fig. 2 the
results obtained for a Marshak wave benchmark problem proposed by
flcouffe et al. 6) are presented. The problem consists on a homogeneus
slab at initially 1eV with the temperature raising in the left boundary
up to 1KeV in 0.1 ns. From this picture, the excellent agreement with
the work of Alcouffe et al. 6) is noticeable.
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Figure 2.- Marshak wave propagation in a homogeneous slab with
o(v)=2.7 1010 (1-exp(-v/KT))/v3(cm-1) (v in KeV) and
pcy=8.1 109 erg. cm-3. ev-1.t

ONE-DIMENSIONAL SIMULATION OF LHAR TARGETS

During the last years the Institute of Laser Engineering (ILE) of Osaka
has been very active in the design and experimentation of Large High
Aspect Ratio Targets (LHART). The main idea was to obtain a very high
velocity (=108 cm/sec) which makes able to obtain a high neutron yield.
Preliminary proposals in this sense were made by Afanas‘'ev, 1) and the
first experimental results were conducted at ILE 12) but using a glass
microballoon without fuel. The actual experimental results have been
produced again in ILE and reported in the 11th Conference on Plasma
Physies and Controlled Nuclear Fusion in Kyoto 13), using in this case
fuel filled glass microballoon. In addition to the experimental results,
numerical simulations with the 1-D ILESTA-BG code were reported 13, 14),

The experiments were driven with GEKKO XII at green, delivering 13KJ
with a FWHM of 1Ins, and focusing conditions of f=3 lenses, and a
relation between the distance of the focusing point from the target
center (d) and initial radius of the target (R) of d/R = -5. The
imploded targets have had diameters in the range 700 < ¢ < 1500 um and
thickness 0.9 < AR < 2.5 pm which cover aspect ratios (AR) between 200
¢ AR < 700. The experimental and simulation results of the neutron yield
versus aspect ratio are plotted in figure 3.

From this figure 3 we conclude that only in a range between 400 and 500
of aspect ratios, the discrepancies between those results could be
considered minor ones (4 to {). But, for aspect ratios lower and higher
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Figure 3.- Neutron yield vs. aspect ratio

of that mentioned range the discrepancies appears to be dramatic in the
neutron yield. Some explanations have been reported 1"), for these large
discrepancies. It is explained the effect for lower aspect ratios due to
the dominant of stagnation dynamics which gives a larger number of
neutrons in simulation. That stagnation phase is supossed to be not
stable in experiments because of not good enough uniformity of GEKKO
XII. For higher aspect ratios two reasons are mentioned: poor modelling
of the electron conduction through the flux limited Spitzer conductivity
Wwith no consideration of non local heating, and the shell break-up due
to nonuniformity in laser intensity. It seems to be clear that these
hypothesis must be carefully analyzed in the future with the use of 2-D
modelling and perturbation codes.

The interesting physics explored with these targets, which arrived to a
gain of 0.2%, and the well possed conditions of the experiments,
diagnosis and simulations makes them particularly useful to give a
comparison and criticism of the 1-D numerical simulation codes, their
algorithms and involved physics. In tnat sense, some 1-D calculations
using our NORMA code have been performed using the mentioned
experiments. The main characteristics of the code are pointed out below,
and the simulations have beel. carried out with a description of the
target which includes 32 meshes for Si02 and 50 meshes for DT.
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The standard version of NORMA used for target calculations includes a 3T
model with implicit conduction solver and variable coefficients. EOS and
opacity data are from DENIM library (SESAME plus analytical calculations
whercver necessary). The energy source coming from laser deposition is
calculated with the ray-tracing package 15, 16). Absorption coefficients
model the collisional and resonant absorption. The attemps to reproduce
SRS and SBS have been rather a failure. In addition to that, when
tracking the ray path, linear intepolation is used. But, hydro codes use
a few zones for the coronal region (10 ~ 20) in 1D, and proportionally a
lesser number in 2D. Moreover, the gradient of the density is
discontinous. Parabolic interpolation cannot be used because it is
overdeterminated and gives oscillations. The cubic one is enough except
with strong density gradients. It 1is possible to design a general
monotonic interpolation 16) paying a high overhead time. In 2D, linear
interpolation lets follow only perturbations over 2-3 cells if the code
is not too dissipative. In this case absorption coefficients have to be
corrected (about 10%) because the density is rather exponential.

In addition to the results of NORMA code 17), some calculations have
been performed 18), and reported partially here using the ILE code
HISHO-1D 19) with the same simulation parameters than NORMA and using a
multigroup (50) description of the radiation transport.

Observing the neutron yield results, Fig. 3, the same tendency is given
for NORMA and ILESTA simulations except in the point of lower aspect
ratio. Two reasons could be argued for that: the different spatial
meshes description (40 SiQOp, 100 DT in ILESTA), and the different
radiation transport treatment. In the case of HISHO-1D the results show
discrepancies at lower and higher aspect ratios, but it was observed a
different absorption percentage of laser energy in every case to that of
ILESTA and NORMA, which are in good agreement.

The attention is now devoted to the implosion dynamic characteristic in
the case of closer coincidence among the experimental and simulation
results. This point is described in NORMA simulations as that of aspect
ratio = U470 in Table I. Internal pressure of DT gas is 6 atm. and
initial temperature in all the materials T = lev.

In Fig. U4, the absorption percentage efficiency versus time is
represented with a total value of 71.1% in good agreement with ILESTA
code which gives a 73% 14). In the case of HISHO-1D this absorption
percentage is = 56% as is pointed out in Table n.

When analyzing the neutron yield versus time, two different points must
be considered corresponding to the time when the first shock wave
collapse to the center, that can be considered as the starting of
stagnation phase, and the final implosion time. That difference is
important when the number coming out from experiments is compared 4)
In NORMA calculations those times correspond to = 2.2 ns and = 2.4 ns
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TABLE . Configurations selected for NORMA simulation of the LHAR Targets

ASPECT RATIO EXTERNAL RADIUS THICKNESS 5102
R/AR (pm) (ym)
300 619.56 2.058
400 619.04 1.543
470 618.81 1.310
600 618.53 1.030
00 . . ~ —

oy
N 70H 4
> =R NE/NC ENG.MAX= .621SE+25
= - 37
o 60t = sl . 1
= é‘ 1072
[T (nj o
& 50 S 73 )
3 -4
8 <0 &0
= rNP 1
g o w ":.—5
3 - 4
8 30”7
o
L] = 5%
20 ) -2 E
= 15
10 1-5‘1'3 l | l
T KT 1.13 ).83 z.40 )
ZONE NUMBER 1o !
8% 73 70 B ) 7.5 3.0

TIME (ns)

Figure 4.- Absorption efficiency vs. time, and spatial profile of
energy deposition and critical density

whose spatial hydrodynamic (T,p) descriptions are presented in Figures
5.a and 5.b.

In comparing the ionic temperature from the weighted areal emission rate
(not average) of the first time with that of the experiments and ILESTA
simulation 13, 14), it is observed an almost good agreement, = 9 KeV.
Well understood that the time when {t is produced has a slightly
difference of = 0.2 ns. This shift in time is also consequently
observed in the final implosion time. Minor differences are noted in the
pR values when comparing with the experimental points and ILE simulation
curves, and larger in the average density (p). If the neutron yield is
compared for that AR between the experimental and the NORMA results, we
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TABLE 1i. NORMA-1D and HISHO-1D comparison for the main interaction
and average hydrodinamic values (AR = 470)

NORMA-1D HISHO-1D
(DENIM) (ILE)

# Input energy (KJ) 13 13

Absorbed energy (KJ) 9.15 7.2

Radiation out (KJ) 1.15 —

Implosion time (ns) 2.4 2.4

na (%) (AR 56.17

nu (%) 10.85 14.18

ne (%) 7.7 4.37

# Max. average ionic T. (KeV) 3.76 3.87

tine (ns) 2.29 2.28

average electronic T (KeV) 1.92 2.71%

density (g/cm3) 0.52 0.56

PR (mg/cm2) 3.85 3.45

# Max. average density (g/cm3) 0.95 1.31

time {(ns) 2.4 2.4

average ionic T (KeV) 2.94 2.54

average electronic T (KeV) 2.02 1.97

PR (mg/cme) 7.56 6.921

# Max. average pR (mg/cm?) 7.56 9.22

time (ns) 2.4 2.36

average ionic T (KeV) 2.94 3.28

average electronic T (KeV) 2.02 2.30

density (g/cm3) 0.95 1.16
obtain the following values Yy(exp) = 9x1012 and Yy(simulation) =

8x1072, The total number of neutrons is 1.88x1013 when the final
implosion occurs which 1is larger than the experimental result and
slightly lower than ILESTA calculations.

It can be concluded that a good agreement is generally obtained among
the numerical simulations of ILESTA and NORMA codes, specially in the
range of AR closer to the experimental ones. Slightly differences are
found in average results between NORMA and HISHO-1D, but these
similarities under a different laser absorption should be explained in
the future. The comparison with the available experimental data for the
AR of maximum neutron yield show an acceptable agreement in the
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spatial profiles at:

(a) t=2.26 ns (after first shock collapses to the center)
(b) t=2.41 ns (implosion time)

implosion dynamic parameters that need a deeply analysis when other
physics mechanisms are included in the code (NLTE atomic physies, ...).
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NUMERICAL ANALYSIS OF TARGET IMPLOSION IN LI1B ICF
Yukio MASUBUCHI and Shigeo KAWATA

The Technological University of Nagaoka

Nagaoka, Niigata 940-21, Japan

Abstract

The paper presents the numerical analysis for the target
implosion using uniform and non-uniform beams. In the analvsis
we assume very simple model and wuse the 2-dimensional
hydrodynamic code called HALLEY,

1. Introduction
The implosion of a spherical target for inertial confinement

1,2) In

fusion(lCF) has been investigated for the light ion beam.
order to achieve a high target gain, it if necessary to realize
the spherically symmetric implosion. Up to the present there arc
some reports3_6) for the implosion simulation. A few worksg‘b)
on the symmetric target implousion suggest that the non-uniformity
of the implosion pressure must be suppressed under 1-47. But the
requirements for the uniformity of the target implosion is not
clear at the present stage. To clear this problem, the target

implosion is simulated in this paper as the first stage.

2. HALLEY Code

The code using in this calculation is based on HALLEY code
developed by Prof. Niu laboratory at Tokyo Insutitute of Technol-
ogy. This code uses the r-8 polar coodinate and the MEL(Mixed
Eulerian Lagrangian) method.’)

The basic equations are follows,
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F) -
-5%- —v-up (1)
.lggﬁ_). -V-T(pE) - VP (2)

a(ge) = -V-d(pe) - V-(PI) + S; . (3)

where p is the density, P the plessure, e the internal energy,
Sg the sink energy and Ui the vector of the fluid velocity. These
basic equations can be represented by the following cell equa-
tions,
—~—m= —| dS<(u-w)p
dt s (4)
&5 . e - .
—_——= -J dS-(u-w)(pu) -| dS:P
dt N g (3)

%- —Jsds-(ﬁ—i)(oe) —JVdV-PV-E +jstdv_ (6)

where W is the vector of the mesh velocity and 3 is the vector of
the normal direction. The target region is devided by the mesh
and it is assumed that the meshes in the 8 direction are the
Euler meshes and in the r direction are the Lagrange meshes.
The Lagrange meshes move with the fluid. Namely th.y need the

following condition (Lagrange condition):
dS-(u-w) = 0 . (7)

The Euler meshes do not move. So they need the following condi-

tion (Euler condition):
wa=0, (8)
3. Simulation Model

For the very simple model we assume several physical

phenomena, that is the ideal EOS (equation of state), no radia-

—114—




tion, and no heat conduction., By way of example we use the pellet
showing in Fig.l. The Mesh structure is shown in Table 1. The
init.al condition of the pellet is presented in Table 2. The In-
cideat bean is perpendicular to the spherical surface (Fig.l).
Table 3 shows beam values. The energy of the coming beam in-
creases power in the manner shown in Fig.2., The rising time is

15[{nsec] and the duration time is 40[nsec] for this beam pulse.

4, Simulation Results

At first we show the results of the simulation using the
uniform beam. Figure 3 shows the stream lines. The void closure
time is 57.9[nsec]. From now on, we explain about four stages
which are indicated in Fig.3. From the biginning they present

the initial state, the middle ¢f implosion, the void closure

Table 1. The mesh structure Table 3. The beam parameter values

Number of cell .Species Proton

.One particle energy 8 [Mev]

8 direction .... 29 .Beam velocity 3.9x10" [m/sc<]
r direction .... 30 .Total energy 2 [MJ]
. Pb layer ... 5 .Duration time 40 [nsec]
Al layer ...15 .Rising time 15 [nsec]

DT layer ...10

Table 2. The initial condition

Layer Atomic weight Thickness[mm] pl[kg/m Tlkev]

Pb 207.2 0.030 1.134x10"  1.0x10*
Al 27.0 0.135 2.690x10° 1.0x10"
DT 2.5 0.160 1.870x10* 1.0x10*
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and the expansion stages.

Figure 4 shows the implosion pattern. The grayish zone is
the D-T layer. Figure 5 is the density profile. At the middle
of implosion the density of the outer D-T layer is higher than
that of the inner layer. At the void closure the density of the
D-T layer is about 100 times as much as the initial state. When
the pellet expands, the density becomes flat.

This simulation of the uniform beam is no more than the
check of this code, The essential matter is to examine the in-
fluence of the non-uniform beam. We use very simple method shown
in Fig.5 in order to introduce the non-uniform beam. The beam
number density changes by a cosine curve. The amplitude of the
non-uniformity are 0.2%7 and 0.5%. Figure 6 shows the stream
lines. These lines indicate maximum position in the same number
mesh of 8 direction. One of the innermost D-T meshes reaches at
the center of the target at 58.0[nsec] and 58.7[nsec] respec-
tively in these two cases. We assume this time to the void
closure time. We show about four stages indicated in Fig.6 at
the case of the 0.27 non-uniformity. Figure 7 shows the implosion
pattern and Figure 8 shows the density profile. At the middle of
the implosion, it is hard to see the non-uniformity. At the
void closure and the expansion states, we can find a little non-
uniformity. But there are so much influence of non-uniform beam.

Table 4 shows the degree of this influence, that is the ratio of

Table 4. The degree of the influence

Non-uniformity 0.2% 0.5%

Density 29.0% 32.4%

Temperature 12,92 13.6%

Radius 23.7% 26.0%

oR 27.0%2 29.1%
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maximum and minimum physical values at innermost D-T layer
meshes. Up to the present there is a researchs) of the influence
non-uniformity after the void closure time using the 3-
dimensional implosion code. We connect this result with its ~e-
search. Its result indicates that maximum eR is 27.0% and 2¢.1%
decrease respectively in these two cases. It is clear that just
the little non-uniformity of beam have fairly influence un ©F,

temperature, density, radius and so on.

5. Conclusions

This report uses very simple model of physical phenomena. At
the present it is underway to include some physical phenomena
which are thermal conductivity, two temperature and the realistic
EOS. We include more real phenomena.

Another future ploblem is to find how we can smoothe the

non-uniformity.
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Pusherless Implosion, Pulse Tailoring and Ignition Scaling Law

for Laser Fusion

K. Mima, H. Takabe and S. Nakai
Institute of Laser Engineering, Osaka University, Suita, Osaka 565 Japan

Abstract

The conventional implosion scheme for high gain and high density
compression depends upon piston action of an accelerated heavy pusher.
However, the contact surface between the pusher and the fuel layer is very
unstable in the stagnation phase. In this report, the laser pulse tailoring and
the scaling laws for pellet gain, fuel pR and so on are discussed under the
condition of very weak piston action of the pusher. The scaling laws indicate

that the fuel will be ignited by 100kd, 0.35pm wavelength laser irradiation.

1. Introduction

In the conventional implosion scheme, a heavy pusher is ablatively
accelerated together with a fuel Iayer. Since the pusher mass density is much
higher than the DT fuel density, the accelerated pusher has higher energy
density than the fuel layer, which generates a very high pressure at the pellet
center. Therefore, the fuel is expected to be highly compressed by piston
action of the pusher. However, the contact surface between the pusher and
the fuel layer is strongly unstable in the stagnation phase.!~? Therefore, it is
very difficult to compress the fuel to a very high pressure by the pusher
stagnation.

Let perturbations of the contact surface grow as exf) , where ['is

t
[far
[

the growth rate which is approximated by Vkg. The wavenumber, k and the

acceleration, g increase as f/r and 1/r® respectively according to self-similar
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analysis for adiabatic compression and a fixed mode number, €. Therefore, I'
increases as 1/r? and the perturbations grow explosively when the contact
surface converges.” As the results, the contact surface will be highly
distorted and the pusher kinetic energy will not be converted into the fuel
internal energy. Therefore, the hydrodynamic energy has to be accumulated
in the fuel shell instead of the pusher. In that case, the contact surface
instability will not be serious for compression and heating of the fuel.

Recently, a new target fabrication technique, namely a foam cryogenic
target has been proposed to fabricate a thick DT shell target. The DT shell
thickness of the foam cryogenic target can be thick enough for constructing
both of the ablator-pusher and the fuel layer. Since the foam cryogenic shell
density, 0.2g/cm? is significantly lower than those of the other solid materials,
the laser ablation pressure generates a very strong shock wave to cause the
shell disassembly when the ablation pressure rises up rapidly. Therefore, it is
necessary to shape the laser pulse carefully for pressure pulse tailoring.4~®

In this paper, we report theory and simulation studies on the pusherless
implosion hydrodynamic and discuss the realistic scaling laws for designing

anignition target.

2. Contact Surface Stability

Let us consider the stability of the contact surface at r=r¢ in a typical
density profile of a stagnating plasma as shown in Fig. 1. The stagnation
process is well described by a self-similar solution in which temporal

evolutions of density and pressure are given by 1'?

p(r.t) = po(rf/DIf/AL)]?,
and P(r,t) = Po(rfo/DIf/f1)]?, (1)




respectively, where p,(r)) and P(r)) are the initial density and pressure

profiles respectively, f,= fit,) and
flty=[1+ (W) 12, (2)

Here, we assume that the stagnation starts at t=-t, and the maximum
compression occurs at t=0. The maximum compression ratio by the
stagnation is given by [1 +(t,/t)*}*? and the initial implosion velocity, v, of the

contact surface is related to r¢, t, and t by,
Vo= rety/(v2+t,2). 3)

Preturbations of the spherical harmonics, £=10, 20 and 40 are added on
the contact surface. The temporal evolutions of the perturbations are
analytically calculated.

The analytical results are shown in Fig. 2.3 In this case, the volume
compression is suppoued to be 70 which corresponds to f;=4.12 and t,=-4t.

The growth rates of Fig. 2 are well approximated by

\/pp— p[
pp+ Pr

P —p,
kg=V 2—Leny?, @)
p+pf

where we used the relations

k=€/r==£f/(rch),
and g =Idr/dt? = ro/(Cf ). (5)
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Namely, the growth rate increases in proportion to 1/r2. Therefore, when the

Attwood number, z” :‘;f is order unity, the surface distortions rre amplified
strongly when the copmp;ession ratio is more than 10 in the stagnation phase.
This concludes that the fuel should be compressed without piston action of the
pusher.

As for the stability of an actual DT gas filled GMB (glass micro balloon),
the linearized equations for the perturbations have been investigated
numerically by a simulation code ‘ILESTA’ which consists of 1D implosion
hydrodynamic code and the perturbation code.”

The r-t diagrams of 1-D simulations and the temporal evolutions of the
perturbations on the contact surface are shown in figures 3(a), (b) and 4(a), (h)
respectively. The initial aspecto ratios of the glass shell are 450 and 340 for
Figs. 3(a) and 4(a) (Case 1) and Figs. 3(b) and 4(b) (Case 2) respectively. In
the case 1, the glass shell is almost burned through and the glass shell density
is significantly reduced by the ablation. However, the glass shell for the case
2 is a little thicker than the ablation depth for the present laser and target
parameters. Therefore, the high density pusher layer remains to stagnate at
the center. As the results, P,/ p,for the case 2 is significantly greater than that
for the case 1. Actually, at the time when the first reflection shock from the
target center hits the inner surface of the imploding S;03 pusher, p,/prare less
than unity for the case 1, namely, the Attwood number is negative. On the
other hand, pp/pris greater than unity for the case 2.

Therefore, the perturbations grow strongly in the stagnation phase in Fig
4(b), while they do not grow in Fig. 4(a). In Figs. 4, the perturbations are
generated by the laser irradiation nonuniformity, 6Ij, and the amplitudes,
{r/Rg and { | /Rg are the radial and the transverse displacements of the fluid
element due to perturbation respectively. They are normolized by I181;/ILI.

Therefore, the Fig. 4(a) indicates that the contact surface rippling amplitude
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grows to 10 percents of the initial target radius, Ko for 181 /11,1 =0.1. Since the
minimum radius of the contact surface is about 0.15 R, in Fig. 3(a), the case 1
implosion seems not to be affected much by the irradiation nonuniformity.
On the other hand, the final perturbation amplitude in the case 2 is larger
than Rg even if a very uniform irradiation is assumed, say, 1811/11,1<0.01.
This amplitude is greater than the ten times of the conlact surface radius at
the maximum compression. Namely, the case 2 implosion can never be
described by the one dimensional simulation. Actually, the experimental
neutron yields for the case 2 type targets are always lower by one or two
orders of magnitude than the simulation yields. On the other hand, the
experimental neutron yields of the case 1 type targets agree reasonably well

with the simulation results.®’

3. Pusherless Implosion and Pulse Tailoring

According to the previous discussions, the plastic or the S;Og ablator has to
be thin enough to be burned through. In particular, when there is no high 2
ablator layer, the ablation pressure directly drives a strong shock wave in the
fuel layer. Therefore, the shock heating is too strong to compress the fuel to
high density, when the laser pulse is gaussian. In the Figs. 5(a) and (b), r-t
diagrams for a gaussian pulse and a tailored pulse implosions are compared,
where the target has no layer other than a foam cryogenic fuel layer and the
total input laser energy is 100kJ. The tailored pulse is assumed to consist of
four stacked gaussian pulses and the prepulse intensity is set to be one fifth of
the main pulse. The propagation velocity of a rare faction wave on the inner
surface is sufficiently small for the tailored pulse in comparison with that for
the single gaussian pulse. Actually, the propagation velocities are
2X 107cm/sec and 5X 107cm/sec for the tailored and gaussian pulses

respectively. Namely, the shock front pressure on the rear suiface for the
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tailored pulse is 1/6 of that for the gaussian pulse. Note that a high Z ablator
layer moderates the first shock and the pulse teiloring is not necessarily
required. Since pR has to be greater than 0.3g/cm- for ignition, the high
density compression, say, more than 1000 times solid density is required for
laser energy less than 100kJ. Therefore, the pulse tailoring is invevitable for
ignition experiments when the cryogenic foam target is applied.

After the imploded fuel shell collapses at the center, the fuel is compressed
only by the reflection shock. Since the compression ratio by the Guderley

shock? is 33, we can assume the final fuel density, pfinal to be

Pfinal = Pacc X33, (6)
where pgcc is the density compressed by the pulse tailoring. After the first
shock passes through the fuel shell, the density, p and the pressure, P are
given by

Pshock = 4ppyand P = Pp (7
where p;,,. is the solid density and Pp is the ablation pressure generated by the
prepulse. Using the adiabatic relation, pxP%%, the density during the
acceleration is given by

Pace = 4ppr (Pmax/Pp)*$ (8)

Using the empirical scaling law, Px12/3, we obtain

Paee = 4pp (Imax/1p)®4 9
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where Imax and Ip are the maximum and prepulse absorbed laser intensities
respectively.

When we require pfina} > 103 X solid DT density, pacc has to be greater than
30 pyy. Namely, Imax/Ip > 150. Even if we take into account the spherical
convergence effects of the ablation surface, the maximum input laser power
has to be more than 50 times of the prepulse power.

Since the low power and long pulse irradiation causes the various fluid and
plasina instabilities, it is better to set the prepulse power as high as possible.
For that purpose, we investigate effects of the ablator layer of which density is
sufficiently higher than the DT solid density, 0.2g/cm3. The ablator layer is
regarded as a piston which drives a shock in the fuel. This situation is
essentially the same as that for the DT gas filled GMB. Namely, a rare
faction wave on the ablator rear surface reduces the contact surface pressure.
When the ablator layer velocity is v, the pressure behind the shock, Py is
given by

p= 3 Por¥% - a0
for a strong shock. The piston is accelerated by the ablation pressure as

follows,

dVO Pp

FERATS

. 1y
effec.

Here, (pAr)effec. is the effective area mass density which increases from
(pAr)abl- to (pAr)abi. + (pAr),,, where (pAr)ap) and {pAr),,; are the ablator and
fuel area mass density. We approximate (pAr)efrec. by the constant,

(pAr)apl. +0.5(pAr),,,. Integration of Eq. (11) yields 34ry, /4 =gt%2, where




e

aatiee.

Ary, is the fuel layer thickness. Note that the ablator-fuei contact surface
traverses 3Ar;,/4, when the shock front reaches the rear side of the fuel layer.

Since the piston velocity is given by gts, Eq. (11) and ts=(3Ary/2¢)"?
yield,

_ ?_ PpArDT V2
° 2(pAr) ,, +0.5(pdr)

v a2)

Let the ablator be plastic (CH) and the density and the thickness be p,,
and Ar, respectively. The equations (10) and (12) yield the shock pressure,

2p
P = or DT

(13)

Since the hydrodynamic efficiency is maximum, when p;, Ar., =
0.8(pcyArcy + Pprlrpg), Eq. (13) yields Ps=0.4P,. This reduces the intensity
ratio, [;pax/Ip from 150 to 40.

4. Simulations for Ignition Experiments

We discuss the possibility of igniting fusion burn by using a foam
cryogenic target covered with a high density ablator. As we discussed in the
previous section, the high density ablator relaxes the pulse tailoring
condition. By the implosion .simulations, it turns out that a gaussian pulse of
100kJ and an appropriate pulse width is good enough for high compression to
increase pr to more than 0.3g/cm?.

In order to see the laser energy dependence of the pellet gain, we scale the
target radius and the thickness as follows. The specific laser energy which is
defined by,

[Total Laser Energy ; E1]/[Total Target Mass]

—-131—




1S required w be constant. Furthermore, aspect ratios are determined by
maximizing the hydrodynamic efficiency. In the present simulation, the
aspect ratio is kept constant. Therefore, the total target mass is proportional
to Rg® (Ro; target radius) and Rg=E1,'3. The simulation results for the above
target scaling show that the maximum fuel pR, the neutron yield and the
pellet gain are proportional to EL'?, E|,*3 and EL'® respectively, before the
ignition. After the ignition, Yy and the pellet gain are proportional to E|?
and E, respectively because of the alpha-particle heating. In Fig. 6, the laser
energy dependences of T and pR are shown, where T; and Tj¢ are the main
fuel and the central spark ion temperatures respectively. The broken lines
which indicate the cases without alpha-particle heating separate from the
solid lines around 50~100kdJ. This indicates that the fusion burn is ignited
around this range of laser energy. Finally, a typical exmaple of target and

laser parameters and the implosion results is summarized in the table 1.
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Table 1. Anexample of ignition

Target Parameters Laser Parameters
Diameter 1 mm Total Energy 100 kJ
CH Shell 12 pm Wavelength 0.35 pm

Thickness
Pulse Width 2 ns
DT Thickness 9.4 pm (FWHM)

Simulation Results

Neutron Yield 1017 Total pR 0.8 g/em?
Spark pR 0.5 g/cm?
Gain 3
maximum density
Hydrodynamic 7% Spark 200 g/cm?®
Efficiency Cold Fuel 600 g/cm?
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Efficient Shell Implosion and Target Design

M.Murakami, K.Nishihara, and H,Takabe

Institute of Laser Engineering, Osaka University

2-6, Yamada-Oka, Suita, Osaka, 565, Japan

I, INTRODUCTION

The optimization of the laser and thermonuclear
target system is of great interest in inertial confinment
fusion (ICF). Spherical compressions have crucial problems
such as the Rayleigh-Taylor (R-T) instability or fuel+pusher
mixing at stagnation phase. Recently, by careful choice of
the implosion mode, neutron yields as high as 1013 have been
achieved at Institute of Laser Engineering (ILE), Osaka
University, by using the twelve-beam green GEKKO XII

1)

laser™ ', In the experiments, large-high-aspect-ratio
targetsl-a) (LHART) were used so that the stagnation phase
is less important for neutron production. Thus, the optimum
aspect ratio is one of key variables in the design of ICF
pellet.

In Sec.II, we show that the coupling efficiency is
essentially a function of the aspect ratio. Then, in
Sec.III, we develop a simple model to estimate plasma
parameters at peak compression, and show its validity by
comparing with a large amount of experimental data.

In Sec.IV, we discuss how nonuniformities of absorption
and/or shell thickness affect the neutron production. 1In
Sec.V, a scaling for an optimum initial radius versus the
laser energy is derived, In Sec.VI,we show the comparison
between the theory and experiments for CD shell targets,
Sec.VII is devoted to a summary.

Thus a main point of this paper is chat the model
analysis leads to a simple, qualitative, physical picture of
ablative implosions of high-aspect-ratio targets. The

theoretical understanding of these implosions has been
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obtained mainly from many expensive numerical simulations.
Therefore, the simple analytic modeling presented here may
be used to assess scaling behavior based on experiments and
simulations. The detailed simulation results will be

discussed elsevhere.

II. SIMPLE MODEL FOR ABLATIVE IMPLOSION

Tc increase neutron yield, required is a target design
leading to a maximum coupling efficiency," which is
composed of absorption, hydrodynamic, and transfer
efficiencies. In this section, we show that these
efficiencies are predominantly controlled by the aspect

ratio.

A. HYDRODYNAMIC EFFICIENCY

When we assume a constant mass ablation rate and a
constant ablation velocity, the implosion dynamics of a

spherical shell, such as the implosion velocity, is found to

be determined only by the implosion parameter given by5’6)

1 p._. R
a= — =3 0 (1)

X Py AR

where y = Pa/PC_J (Pa: ablation pressure, PC-J: pressure at

the Chapman-Jouguet (C-J) point) is a constant, and Paoy and
Py are the mass density at the C-J point and that of initial
state, and RO/ARO the initial aspect ratio. Pe-g
taken as the critical density in use of 0.53um-light (0.013
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